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ABSTRACT 
The objective of this work is to examine the effect of cement chemistry and 
physical properties on activation energy. Research efforts indicated that time dependent 
concrete properties such as strength, heat evolution, and thermal cracking are predictable 
through the concept of activation energy. Equivalent age concept, which uses the 
activation energy is key to such predictions. Furthermore, research has shown that 
Portland cement concrete properties are affected by particles size distribution, Blaine 
fineness, mineralogy and chemical composition. In this study, four Portland cements 
were used to evaluate different methods of activation energy determination based on 
strength and heat of hydration of paste and mortar mixtures. Moreover, equivalency of 
activation energy determined through strength and heat of hydration is addressed. The 
findings indicate that activation energy determined through strength measurements 
cannot be used for heat of hydration prediction. Additionally, models were proposed that 
are capable of predicting the activation energy for heat of hydration and strength. The 
proposed models incorporated the effect of cement chemistry, mineralogy, and particle 
size distribution in predicting activation energy.  
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CHAPTER 1: INTRODUCTION 
1.1 Background on Activation Energy 
 The term “activation energy”, first introduced in 1889 by the Swedish scientist 
Swante Arrhenius, defines the energy that must be supplied to a system for a reaction to 
occur (Laidler 1969). Activation energy (Ea) is the minimum energy required for reacting 
species to form an activated complex (see Appendix A for additional abbreviations and 
symbols). In the cement industry, activation energy is defined as the parameter that best 
portrays the temperature sensitivity of hydration (Schindler 2002 and Poole 2007). 
 Several qualifiers are used in the literature to describe activation energy. 
Glasstone et al. 1941 used “experimental” activation energy because it was 
experimentally determined from plotting the natural logarithm of the rate constants 
versus the reciprocal of the absolute temperatures. Recently, the term "apparent" 
activation energy has been used to reflect the fact that, contrary to the idea of a simple 
chemical reaction implied by the Arrhenius law, the hydration of cement is more complex 
and the term needs to reflect the interdependence of the various reactions and 
components alike (Kjellsen & Detwiler 1993, Kada-Benameur et al. 2000, D'Aloia & 
Chanvillard 2002, and Virquin et al. 2002). The use of different qualifiers can be justified 
by the complexity of reactions that occur within each phase of the cement and the 
methodology used to quantify the underlying energy. Moreover, there is general 
consensus in that the rate constants and temperatures relationship implies that there is an 
energy barrier to reactions. In this work, the term Activation Energy (Ea) will be used to 
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quantify the amount of energy needed for reactions to take place and which correlates the 
relationship between reaction rates and curing temperatures. 
1.2 Meaning of Activation Energy 
 Understanding the meaning of activation energy of cementitious materials 
intersects both academic and practical interests. From an academic stand point, the 
processes and microstructural phenomena that characterize cement hydration and strength 
development are quite complex; furthermore, the coupled effect of time and temperature 
on both parameters is quite intriguing. From a practical standpoint, there is a need to 
produce materials with better performance. For this to happen, engineers must have tools 
available to predict materials properties and behavior. This can only be achieved through 
in depth knowledge of the underlying mechanisms controlling those properties and 
behavior. In fact, several aspects of concrete structures behavior such as strength, heat 
evolution, and thermal cracking are predictable (Schindler 2002, Schindler &Folliard 
2005, Poole et al. 2007, Ferraro 2009, and Ishee 2011). 
Estimation of these characteristics are challenging in the early stages of hydration, 
as they are susceptible to the coupled effect of time and temperature which is quite 
complex. Practitioners and researchers understand this effect through the prism of 
equivalent age function proposed by Freiesleben Hansen and Pedersen (1977). It is a 
convenient approach used in strength prediction models (Tank& Carino 1991, Kjellsen & 
Detwilter 1993, Yi et al. 2005, Abdel-Jawad 2006, and Pinto & Schindler 2010). The 
basic mechanism for this method is the translation of age from a reference temperature to 
a relative age under new temperature for a given mix design. However, the equivalent age 
concept relies on the activation energy that is consistent with Arrhenius law.  
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 From what has been reported in the literature, the equivalent age concept is 
mostly used in estimating compressive strength of concrete or cement since the latter is 
the most highly sought and easily measured property. Recently, research efforts have 
focused on correlating the equivalent age concept and heat of hydration. It appears that 
the interest was driven by excessive temperature rise associated with massive structural 
elements made of concrete. The behavior and performance of the concrete element is 
dictated in part by Portland cement, a major constituent. Prediction of temperature rise is 
critical for the construction of a durable element. In this regard, activation energy based 
on heat of hydration has been shown to be useful in predicting the temperature rise in 
concrete elements. However, a wide range of values has been reported in the literature for 
the activation energy, thus indicating the need for an accurate estimation and prediction 
of the activation energy for a particular cement or concrete mixture.  
1.3 Activation Energy Determination  
Several methods and models have been proposed in the literature for activation 
energy determination. The methods can be classified under two main concepts. The first, 
maturity concept, uses strength evolution while the second, calorimetric concept, uses 
heat of hydration and time. 
1.3.1 Maturity Concept 
 Maturity is a mathematical model or quantitative tool for estimating strength gain 
in an element based on the temperature history of a particular mix design (Popovics 
1998). Specifically, maturity method relies on the principle that concrete strength is 
directly related to both time and temperature. In fact, the ASTM C1074-04 “Standard 
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Practice for Estimating Concrete Strength by the Maturity Method” provides two 
maturity functions and one uses the activation energy. Additionally, the ASTM C1074 
outlines a procedure to determine the needed activation energy. 
 The activation energy (Ea) determined through ASTM C1074 is based on strength 
gain data at different curing temperatures. It is then used for computing equivalent age 
which allows prediction of compressive strength of a mix under different curing 
conditions; that is, field conditions. The basis of this approach is that increasing the 
curing temperature shifts the time of strength development. Previous research (Verbeck 
& Helmuth 1968 and Schindler 2002) indicates that this might not be necessarily true. 
Some concrete mixes showed a decrease in later strength when the curing temperature 
was increased, resulting in the phenomena known as the “Cross-over effect”. Based on 
maturity concept, increasing curing temperatures will only result in a horizontal shift in 
the time scale, yet findings in the published literature indicate that there is an additional 
vertical shift. This behavior was often cited as a liability for the maturity method. 
Previous research suggested the use of two empirical functions to determine the needed 
parameters for quantifying the activation energy; namely, linear hyperbolic and 
exponential functions (Carino 1991, Schindler 2002, Ferraro 2009, and Ishee 2011). 
However, Carino suggested that the linear hyperbolic function was best suited for 
application under 28 days while the exponential function appeared to be capable of 
modeling strength gain over the full range of ages. 
1.3.2 Isothermal Calorimetry Concept 
 The process of hydration is exothermic in nature; in other words, heat is liberated 
as the reaction proceeds. Preceding literature indicated that heat of hydration is an 
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important property, which affects fresh and hardened concrete characteristic (Ma et al. 
1994). Several attempts have since been made to measure the heat associated with cement 
hydration and its validity in predicting the behavior of cementitious materials. The 
science behind the measurement of the heat of reaction is referred to as calorimetry. A 
number of systems have been developed over the years to measure the heat of reaction; 
namely, adiabatic (no heat transfer through system), semi-adiabatic (some heat loss by 
system), and isothermal calorimetry (constant temperature). The consensus in the 
literature is that isothermal conduction calorimetry is the best available tool that can 
capture the net heat gain. By definition, an isothermal process is thermodynamic process 
or a change of a system what occurs while temperature is maintained constant. In the 
cement industry, isothermal calorimetry is one of the tools used for direct measurements 
of heat evolution during interaction of cement with water. The amount of heat generated 
during the reaction of cement with water is referred to as heat of hydration. It can be 
expressed in Joule per grams (J/g) of anhydrous cement. 
Several research efforts (Ma et al. 1994, Kada-Benameur et al. 2000, Xiong & 
Breugel 2001, D’Aloia & Chanvillard 2002, Schindler 2002, Schindler & Folliard, 2005, 
Poole et al. 2007, Ferraro 2009, and Ishee 2011) had shown that isothermal calorimetry 
can be used to determine activation energy. This method relies on the concept of degree 
of hydration (α), which is a measure of the fraction of cement that has reacted (Mindess 
et al. 2003). The value of α varies from 0 to 1, where α = 0 means that no reaction 
occurred and α = 1 indicates complete hydration (RILEM 42-CEA 1981). Activation 
energy determination from heat of hydration can then be used to predict temperature rise 
in mass concrete elements. Activation energy through isothermal calorimetry is valuable 
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and strong prediction concept due to the detrimental effects of temperature rise, 
specifically in mass elements. Temperature rise in mass elements are the primary cause 
for thermal stresses and the accompanying cracking (Schindler 2002). At the same time, 
temperature rise has been linked to additional deterioration mechanisms such as delayed 
ettringite formation (Kjellsen & Detwiler). Isothermal calorimetry is a convenient method 
of testing as compared to compressive strength measurements required per maturity 
methods. Several techniques have been developed to quantify the activation energy based 
on heat of hydration measurements. 
 Slope method (Ma et al. 1994 and Poole et al. 2007) is one of the methods used to 
assess the activation energy from heat of hydration measurements. The rate constants are 
determined from the slopes of the linear portion of the heat evolution curve, in the 
ascending portion of the main hydration peak. Logarithm of the slopes is then plotted 
against the inverse of the absolute curing temperatures thus quantifying activation energy. 
 Exponential method or Modified ASTM C1074 (Kada-Benameur et al. 2000, 
Xiong & Breugel 2001, D’Aloia & Chanvillard 2002, Schindler 2002, Schindler & 
Folliard 2005, Poole et al. 2007, Ferraro 2009, and Ishee 2011) was later proposed by 
Poole et al. for activation energy determination. The method follows the same procedures 
outlined in ASTM C1074 for strength based activation energy, except the data is based 
on heat of hydration measurements. An exponential function, which characterizes the 
cement hydration, is fitted through estimated degree of hydration data to determine the 
best-fit curve parameters (αu, τ, β) and the activation energy is subsequently quantified. 
Others studies had reflected on establishing a potential relationship between hydration 
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and compressive strength, which could indicate the equivalency of the activation energy 
obtained from both mechanisms (Abdel-Jawad 1988, Schindler, Poole et al.). 
1.4 Factors Influencing Activation Energy 
In many respects, previous research indicates that many aspects of cement 
chemistry influence the activation energy, including C3S, C2S, C3A, C4AF, and Blaine 
fineness (see Appendix A for abbreviation details). This understanding comes from the 
underlying effect of these factors on strength development and heat generated during the 
hydration process or simply stated on the hydration kinetics. 
1.4.1 Effect of Cement Composition 
 The effect of cement composition on activation energy has not been studied 
extensively in the literature as it pertains to strength development and heat of hydration. 
It is understood that the contribution of each phase to strength development is certainly 
different than its contribution to heat generated during the hydration process. For 
instance, tricalcium silicate or alite (C3S) is the most abundant mineral in Portland 
cement and is responsible for early strength development.  
Cements with high amount of C3S hydrate more rapidly and have higher early 
strength especially if coupled with high fineness (Mindess et al. 2003). By contrast, 
dicalcium silicate or belite (C2S) has its primary influence on the long term strength as it 
hydrates slower than C3S. Indeed, cements with high C2S content exhibit slower 
hydration rates and generate lower early strength, but attain higher long-term strength 
(Kjelsen & Detwiler).  
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 The contribution of tricalcium aluminate (C3A) and tetra-calcium aluminoferrite 
(C4AF) is relatively complex. C4AF exhibits rapid short-term strength, but only sustains 
moderate strength increase whereas C3A strength development is very low. On the other 
hand, C3A is responsible for the highest heat released in the early ages of hydration. 
While C3A and C4AF compete for sulfate ions, C3A is more reactive than C4AF. In 
addition, the general consensus is that the order of rate of hydration in the first few days 
is closely as follows: C3A>C3S>C4AF>C2S (Mindess et al., Hewlett 1998).  
Sulfates are added to clinkers to control the rate of hydration of C3A. They 
participate in the formation of ettringite (Halaweh 2006). The sulfate requirement for a 
specific cement is complicated considering for instance that calcium sulfate (CaSO4) 
integrates with different clinker phases and would affect cement strength at all hydration 
times. Hewlett (1998, 2004) concluded that increasing Sulfate (SO3) content leads to an 
increase in strength up to optimum gypsum value; however, strength tends to decline at 
higher SO3 content. Furthermore, the exact amount of sulfate that would generate high 
strength depends on composition of the clinker, cement fineness, the form of sulfate and 
hydration time (Lerch 1946, Mindess et al. 2003). In simplest terms, results of these 
studies have shown that early hydration of cement is principally controlled by the amount 
and activity of C3A, balanced by the amount and type of sulfate interground with the 
cement. The published literature does not justify higher sulfate levels than what currently 
is acceptable without more understanding of the interaction of all these phases and their 
impact on the long term durability of concrete elements (Halaweh). 
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1.4.2 Effect of Blaine Fineness and Particle Size Distribution 
 In addition to compound composition, cement fineness affects the rate of its 
reaction with water. The published literature indicates that the effect of fineness is to 
increase the rate of hydration due to a corresponding increase in surface area (Maekawa 
et al. 1999). In terms of strength gain, the effect of fineness is more pronounced on early 
age strength than on the ultimate strength (Hooton et al. 2005, Hewlett, Bentz et al. 
1999). It is important to note that cement phases do not have equal grindability and 
therefore their concentration in different particle size ranges might not necessarily be 
equal. According to Jillavenkatesa et al. (2001), particle size distribution (PSD) defines 
the relative amount of particles at specific size range. Typically, particles size of Portland 
cements vary from <1μm to 100μm in diameter (Mehta & Monteiro 1993). Moreover, 
PSD influences not only the energy consumption in the milling process, but also the 
properties of fresh cement paste and hardened cement (Bentz et al. 1999). Wider PSD is 
advantageous for increasing the packing density of the system and decreasing the water 
demand (Wang et al. 1999) and thus increases the potential for strength gain. 
1.5 Research Objectives 
 One major application of activation energy is in the equivalent age concept which 
is used extensively to predict cement performance such as strength gain, heat of 
hydration, thermal cracking and temperature rise in mass structures. Research efforts 
have shown that the performance of Portland cement is affected by particles size 
distribution, Blaine fineness, and composition. As mentioned above, accurate and reliable 
activation energy determination is crucial in predicting concrete performance. Recent 
study indicated that chemistry of cement greatly influences the rate of strength gain, heat 
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of hydration, and ultimately influences activation energy. Advances in technology have 
led to the development of a number of methods that can quantify activation energy most 
of which had focused on cement's hydration through isothermal calorimetric. Yet, the 
literature has conflicting values of activation energy, which appears to be dependent on 
the method used. The present study investigates different methodology of activation 
energy determination and identifies the most useful method reflecting the effects of 
cement mineralogy and physical properties. The ultimate goal is to provide the basis for 
prediction models capable of estimating activation energy for both strength and heat of 
hydration application for wide range of cements. 
1.5.1 Research Significance 
 There is a wide range of activation energy values reported in the literature. The 
reported values do not appropriately reflect the effect of cement mineralogy, chemistry, 
or particle size distribution. Most of the recent research conducted in this area considered 
the influence of C3A, C4AF, and Blaine fineness on the activation energy as related to 
heat of hydration. The relationship or effect of mixture constituents; namely, cement 
paste versus mortar specimens was not adequately addressed. The objective of this 
research is to study the effect of cement mineralogy, chemical composition and fineness 
on the activation energy of Portland cement using both strength gain and heat of 
hydration measurements. Additionally, the effect of specimen constituents on the 
reported activation energies will also be addressed. From the data collected and the 
analytical techniques used, answers to the following questions will be proposed: 
1) What is the variability in activation energy based on methods and mixtures type? 
2) What is the viability of isothermal calorimetry method? 
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3) What is the limitation of strength based maturity method? 
4) What is the equivalency of activation energy obtained from strength and heat of 
hydration and which activation energy should be incorporated in the equivalent age 
determination? 
5) What is the influence of cement Blaine fineness and mean particle size of activation 
energy? 
6) What is the effect of cement mineralogical composition on strength development, 
heat of hydration, and activation energy?  
7) Can regression modeling be used to express effects of the phase composition? 
1.6 Outline of Thesis  
 Chapter 2 presents a literature review of the different methods used to quantify 
activation energy. Additionally, the effects of cement chemistry and physical properties 
on strength development, heat of hydration, and activation energy will be addressed. 
Chapter 3 presents the methods, procedures, and materials used in obtaining the 
experimental raw data. In Chapter 4, the results and discussion of the experiments will be 
presented. This includes procedures used in determining the activation energy based on 
strength and heat of hydration data. Chapter 5 presents more in depth analysis of the 
effects of mineralogical composition and fineness on cement performance. Details of 
modeling process of four multivariate regression models are presented as well. Finally, 
Chapter 6 concludes the main findings of this study and presents recommendation for 
future research.  
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CHAPTER 2: LITERATURE REVIEW 
 This chapter summarizes the findings in the published literature on the concept of 
activation energy, its application in predicting concrete strength and heat of hydration, 
and models for its prediction. 
2.1 Definition of Activation Energy  
 The term “activation energy” was first introduced in 1889 by the Swedish 
scientist Swante Arrhenius to define the energy that must be supplied to a system for 
reactions to occur (Laidler 1969). In chemistry, activation energy (Ea) is defined as the 
minimum energy required for reacting species to form an activated complex. In cement 
industry, activation energy is defined as the parameter that best describes the temperature 
sensitivity of hydration (Schindler 2002, Poole 2007). Experimentally, Equation 2-1, 
known as the Arrhenius equation or the Arrhenius law, has been used to determine the 
activation energy.  
 𝐾 = 𝐴 𝑒−�Ea𝑅𝑇�  or ln 𝑘 = −  Ea
𝑅𝑇
 + ln𝐴  Equation 2-1 
where 
K = Specific rate of reaction (typically s-1 for 1st order reaction) 
A = Pre-exponential term (same unit as k)  
Ea = Activation energy (kJ/mol) 
R = Universal gas constant [8.314 J/(mol•ºK)] 
T = Temperature (ºK) 
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The Arrhenius equation indicates an exponential temperature dependence of rate 
coefficients of reactions. To be exact, correlation between rate constants and temperature 
denotes that there is an energy barrier to a reaction (Laidler 1969). A number of terms are 
used in the literature to qualify this energy. Glasstone et al. 1941 used “experimental” 
activation energy because the activation energy was determined experimentally through 
plotting the natural logarithm of rate constants versus the reciprocal of absolute 
temperatures.  
 Recently the term “apparent” activation energy has been used to reflect the fact 
that contrary to the idea of a simple chemical reaction implied by the Arrhenius law, the 
hydration of cement is more complex and the term needs to reflect the interdependence of 
various reactions and components alike (Kjellsen & Detwiler 1993, Kada-Benameur et al. 
2000, D'Aloia & Chanvillard 2002, Virquin et al. 2002). It can be concluded that use of 
different terms to express activation energy can be justified by the complexity of 
reactions that occur within each phase of the cement. In other words, it is evident that the 
activation energy may not represent a simple reaction but a combined effect of several 
simultaneous reactions. In this work, the term activation energy (Ea) will be used to 
quantify the amount of energy needed for reactions to take place and correlate reaction 
rates to curing temperatures.  
2.2 Meaning of Activation Energy and Mechanism of Hydration of Cement 
Understanding the meaning of activation energy of cementitious materials 
intersects both academic and practical interests. From an academic stand point, the 
mechanisms and microstructural phenomena that characterize cement hydration and 
strength development are quite complex; furthermore, the coupled effect of time and 
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temperature on both parameters is quite intriguing. From a practical stand point, 
predicting age dependent behavior of concrete is challenging and of significant 
implications. Activation energy would not only help evaluate the kinetics of those 
behaviors but will lead to production of materials with better performance and ultimately 
provide the means for more efficient construction practices. It has been established that 
compressive strength of concrete or cement is the most highly sought and easily 
measured property; therefore, it has captivated most of the early research efforts. As a 
result, methods such as equivalent age determination were introduced. As presented here, 
Equation 2-2 embodies the combined effects of time and temperature on strength gain, 
which is currently used extensively for concrete strength estimation or prediction. It 
incorporates the concept of activation energy from the Arrhenius law. 
The equivalent age concept is a convenient approach used for strength prediction 
models (Tank& Carino 1991, Kjellsen & Detwilter 1993, Yi et al. 2005, Abdel-Jawad 
2006, Pinto & Schindler 2010). The basic concept here is the translation of age from a 
reference temperature to a relative age under different curing temperature. The basis of 
this approach is that activation energy defines the temperature sensitivity of a specific 
mixture. 
      𝑡𝑒(𝑇𝑟) = � eEaR � 1273+T− 1273+Tr�𝑡
𝑡=0
 Δt    Equation 2-2 
where 
te (Tr) = Equivalent age at referenced curing temperature (hours or days) 
T = Average temperature of concrete during time interval Δt (°C) 
Tr = Reference temperature (°C) 
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Ea = Activation energy (kJ/mol) 
R = Universal gas constant [8.314 J/(mol•ºK)] 
Freiesleben Hansen and Pedersen (1977) introduced the equivalent age function 
as describe above, which was based on the Arrhenius relation and used in the maturity 
concept. Recently, the equivalent age concept has been used in prediction of heat of 
hydration at early age (Schindler & Folliard). Two fundamental questions emerge: which 
activation energy should be used for equivalent age determination (strength-based versus 
heat of hydration or degree of hydration based) and whether a global activation energy 
value can be adopted for equivalent age determination independent of the sought after 
property?  
From researchers to contractors, the activation energy or the apparent activation 
energy concept plays a big role in predicting performance and properties of cement or 
concrete which in turn is critical in planning projects. The equivalent age concept is a 
good compromise between mix design, structural design and the phasing of concrete in 
terms of time-temperature history. It is believed that the wide range of values reported for 
activation energy in the literature is a result of the different methods used in its 
determination. Though, there is agreement that hydration kinetics and ultimately strength 
development change with time and vary based on the cement constituents. The influence 
of time, temperature, and cement constituents on the rate kinetics is as important as 
understanding the meaning of activation energy. Also, the degree of hydration may have 
variable temperature dependence.  
Abdel Jawad (1988) suggested that beyond a hydration level of 60% there is a 
decrease in activation energy. Similarly, Kjellen & Detwiller (1992) found the Ea was 
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higher for degree of hydration between 20-30% and observed a gradually decrease in 
activation energy gradient beyond a degree of hydration of 30%. The nature of the 
reaction during the hydration process could explain the variation in Ea. It was suggested 
that for degree of hydration between 20-30%, the reaction was a chemically controlled 
process whereas beyond 30% the process become diffusion controlled. Kjellsen & 
Detwiler concurred that the effect of temperature on hydration process depends on the 
reaction that is taking place. Hewlett (1998, 2004) argued that the rate of hydration is 
temperature dependent at short hydration times and increases with increase in 
temperatures.  
 As mentioned, earlier research emphases on the effect of temperature on the 
hydration process. It also showed that temperature had the most effect on the rate of 
hydration at the early ages and became less significant at later ages (Verbeck & Helmuth 
1968). The reasoning behind this later point is that as hydration proceeds, the hydration 
products form shells around the cement grains, the higher the temperature, the denser the 
shells resulting in lower strength gain. Additionally, the reactions describing the 
hydration process of cements have been worked out for each phase separately and are 
often assumed to occur independently of each other.  
Recent studies on the mechanism of cement hydration by Hewlett (2004) and 
Bullard et al (2010) concluded that in spite of relevant hypothesis regarding exactly what 
happens during hydration, the consensus remains that the process can be divided into five 
main stages; namely, initial hydrolysis (1), dormant period or period of slow reaction (2), 
acceleration period (3), post-acceleration period which can be split into deceleration 
period (4) and steady state period (5) as depicted in Figure 2-1. The figure shows the heat 
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flow of a Portland cement at 30°C over a period of 120 hours and the typical stages of the 
hydration process. 
 
Figure 2-1: Typical stages of the hydration process 
 
 
 In all six ASTM Types Portland cement, alite (C3S) is the main and the most 
abundant phase. The available experimental data from microstructure and calorimetry 
suggest that the hydration process for Portland cement is similar to that of C3S, but occurs 
at a slower pace. Recently, Scrivener & Nonat (2011) presented a thorough literature 
review on the mechanism of hydration. This study confirmed 5 stages of hydration using 
both C3S and C3A as indicated by previous work conducted by Copeland & Kantro 
(1964), Lea (1970), Double et al. (1978), Taylor (1990), Odler (1998), Hewlett (1998, 
2004), Mindess et al. (2003), and Taylor (2004).  
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Stage 1, rapid heat evolution, is marked by initial ionic dissolution and nucleation 
that represents the exothermic wetting and early stage reactions. This stage lasts between 
15-30 minutes (Taylor, Hewlett, Mindess et al.). Shortly after those initial reactions, stage 
2 begins which is marked by the slowdown of the initial reaction of C3A and C3S. This 
period is known as the dormant stage or the period of slow reaction. It is explained that, 
contrary to the idea of layer of hydrated product on surface of cement grain (Hewlett, 
Mindess et al.), the slow reaction is simply a response to the changes in the solution ionic 
concentration. However, the overall understanding is that this stage permits the placing 
and handling of Portland cement since the mixtures is still in a plastic state. At room 
temperatures, this stage can last several hours while at higher temperature it can be 
relatively short. Generally, initial set occurs at the end of this period as the mixture 
stiffens.  
Stage 3, acceleration period, is controlled by the rate of nucleation and growth of 
the hydration products such as calcium silicate hydrate(C-S-H). Taylor suggested that the 
rapid acceleration is due to a renewed high level of activity of C3S and second stage 
reactions of the hydration products (C-S-H). The end of this period marks the main peak 
or maximum rate of heat of evolution, with most mixtures reaching 20-30% hydration. 
Final set is reached at some point just before reaching a peak at which point the mixture 
starts to harden, gain strength and stiffens. Concrete elements may sustain loading at this 
point. Scrivener & Nonat also suggested that the rate of growth can be manipulated 
during acceleration stage. Based on the curing temperature, cement chemistry, and 
fineness, this stage can last between 3 to 12 hours (Mindess et al., Hewlett). 
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A period of deceleration, stage 4, is observed. During this stage, the rate of 
reaction slows down gradually as the available surface area and amount of unreacted 
cement decreases (Mindess et al., Scrivener & Nonat). Abdel-Jawad (1988) estimated the 
degree of hydration during this stage to be between 50 to 60% and suggested that the rate 
of hydration may be both chemically and diffusion controlled. This latter is used as a 
basis to explain the observed decrease in activation as hydration proceeds (Abdel-Jawad, 
Kjellsen & Detwiler 1992). Beyond this stage, after 20 to 24 hours, the hydration process 
is referred to as a steady state process, which implies that it is diffusion controlled (Stage 
5). Diffusion controlled processes are less temperature sensitive than chemically 
controlled reactions. During this period the mixture continues to gain strength until it 
reaches its long-term strength. It has been shown in the literature that C2S, which reacts at 
a slower pace, dominants the bulk of later strength gain. 
The hydration of cement involves chemical and diffusion controlled reactions. 
The rate of these reactions is controlled by the mineralogical composition and the 
chemistry of Portland cement. Kjellsen & Detwiler, Poole, and Verbeck &Helmuth 
agreed that due to the nature of kinetics of the hydration of cement, there must be a limit 
to applying the Arrhenius law to activation energy determination as the law is best fitted 
for chemical reactions. Nevertheless, it was also shown that the Arrhenius law can be 
used to describe other processes and that the rate at which the activation energy decreases 
as a result of diffusion controlled reactions was negligible (Kjellsen & Detwiler 1992).  
The mechanism and kinetics of cement hydration and strength gain are influenced 
by a number of factors such as fineness, temperature, time, cement composition, and 
water to cement ratio (Mehta & Monteiro 1993, Hewlett 1998, Mindess et al. 2003). A 
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number of methods for activation energy determination will be reviewed next to provide 
better understanding of the activation energy and its practical use in the field as well as 
for behavior prediction. 
2.3  Methods for Activation Energy Determination  
As indicated previously, wide range of values for the activation energy of cement 
have been reported in literature; a summary of the Ea values associated with the different 
quantification methods is presented in Table 2-1. Carino (1991) used ASTM C1074 
method and reported Ea values based on 28 days strength measurements over temperature 
range of 10 to 40°C. These values reflect the effect of cement type, mixture type, and 
water to cement ratio (w/c). For Type I cement, Ea was 44 and 62 kJ/mol for w/c of 0.60 
and 0.45 respectively on mortar. In addition, for the same respective w/c ratios, Ea was 46 
and 61 kJ/mol for concrete mixture. Carino's findings indicated that Ea does not change 
with mixture type. Moreover, lowering the w/c resulted in an increase in Ea. Barnett et al 
(2006) reported Ea value of 35 kJ/mol for w/c 0.40 and 0.60 using ASTM C1074 on 
mortar cubes cured over temperature range of 10 to 50°C. Barnett et al used cement with 
potential phase amount of 52% C3S, 24% C2S, 8% C3A, and 9% C4AF. It can therefore 
be concluded that for the same mixture type, w/c ratio of 0.6, similar temperature range, 
and the same type of Portland cement, activation energy values varied between 35 and 44  
kJ/mol. This might indicate the inappropriateness of reporting activation energy values 
based on cement type. 
Schindler (2002) investigated the variation and influence of cement chemistry, 
mineralogy, and fineness on Ea using several methods and mixture types. Ea values were 
calculated for the same type of cement from different plants using the hyperbolic function 
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(ASTM C1074) and exponential function on mortar cubes with a fixed w/c ratio of 0.50. 
Compressive strengths were determined for up to 28 days over temperature range of 8 to 
40°C. The potential phases for the cements were along these lines: C3S (63 & 64%), C2S 
(12 & 9%), C3A (10 &8%), C4AF (6 & 10%), and Blaine fineness (354 & 367 m²/kg). 
Based on ASTM methods, corresponding Ea values of 35 and 25 kJ/mol were determined. 
Similarly, Ferraro (2009) used 28 days strength from mortar cubes of Type II cement 
(49% C3S, 29% C2S, 6% C3A, and 5% C4AF based on XRD and Blaine of 383 m²/kg) 
with w/c of 0.50 over temperature range of 8 to 23°C, and using the hyperbolic and 
exponential functions reported Ea values of 36 and 37 kJ/mol respectively.  
The values reported by Carino showed a variation in activation energy due to 
change in water to cement ratio; yet, Barnett et al used two different w/c ratios and 
observed no significant change in Ea. Besides, different Ea values were obtained when 
Schindler used the same w/c on cements with same classification, but with difference in 
compound content. Likewise, for the same w/c used by Schindler, Ferraro obtained Ea 
value that was lower than value obtained by Schindler on Type II cement. Review of 
these values indicates that there is no clear effect of w/c on Ea while cement chemistry 
appears to have significant influence on Ea.  
 Schindler used multivariate regression on isothermal calorimetry data on cement 
paste to develop an Ea model capable of predicting activation energy from heat of 
hydration measurements. The paste mixtures were prepared with water to cement ratio of 
0.40 and Ea values of 45, 42, and 50 kJ/mol were reported using the proposed Ea model 
for Type I, II and III cements, respectively. The potential phase composition: C3S (50, 42, 
& 60%), C2S (24, 33, & 14%), C3A (11, 5, & 9%), C4AF (8, 14, & 8%), and Blaine 
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fineness (341, 321, & 535 m2/kg) were reported for the respective type of cement. The Ea 
model implies that activation energy varies with phase composition and fineness. 
Schindler provided an expression that recognizes the importance of cement's 
mineralogical composition on its activation energy. It is therefore imperative to relate 
cement activation energy expressions to its mineralogical composition and 
characteristics. 
Schindler used the modified ASTM to quantify Ea value from semi-adiabatic 
calorimetry testing conducted on concrete cylinders for 7 days. Ferraro used the same 
cement and w/c described above on internally mixed paste mixture for 180 hours in 
temperature range of 23 to 38°C. The activation energy calculated using the modified 
ASTM on the isothermal calorimetric test was 34 kJ/mol. Ishee (2011) used ASTM 
C1074 for mortar cubes and used the modified ASTM on isothermal calorimetry data on 
paste mixture for 7 days for temperature ranges from 8 to 38°C to quantify activation 
energy for cements of different mineralogical composition (details are given in Chapter 
5). Poole (2007) quantified Ea based on heat of hydration measurements on paste 
mixtures. These mixtures were cured in an isothermal calorimetry over temperature range 
of 5 to 60°C for 100 hours at lower temperature and 44 hours at higher temperature. A 
w/c ratio of 0.44 was used for Type I, I/II, and III cements (C2, C3, C6, and C7 as 
detailed in Chapter 5).  
Ma et al. (1994) used heat of hydration measurements from isothermal 
calorimetry on cement paste for 24 hours over temperature ranges of 10 to 55°C to 
measure the activation energy through the linear slope method. He used Portland cement 
containing the following potential phase amount: 47% C3S, 20% C2S, 12% C3A, and 7% 
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C4AF. Similarly, Poole et al. (2007) used the linear method on heat evolution from 
isothermal calorimetry testing for 24 hours on paste mixtures with w/c of 0.44 over 
temperature ranges of 5 to 60°C. The cement had the following chemical and physical 
properties: 63% C3S, 7% C2S, 11% C3A, 7% C4AF, and Blaine fineness of 391 m²/kg. 
Review of the literature indicated that Ea varies with cement phase content and 
fineness. For example, Ea varies from 25 to 62 kJ/mol for Type I cement using ASTM 
C1074. Additionally, for the same type of cement, there is variation on Ea based on the 
method of measurement or source of data. For instance, Ea varies from 23 to 80 kJ/mol 
using methods presented in Table 2-1 for Type I cement. In fact, Ferraro’s work points 
out the potential influence of methodology and data source on Ea value. It was shown that 
for the same cement, Ea was lower for isothermal paste mixture than that obtained from 
strength measurement using mortar cubes. In the meantime, for the same set of data there 
was variation in Ea values depending on the function used for data analysis; that is, using 
exponential function versus hyperbolic function to model experimental data. 
For most cements reviewed here, Blaine fineness was key element that showed 
most contrast between cement types (Schindler 2002, Hooton et al. 2005). For example, 
from Poole (2007) for the same w/c, an increase of 4% C3S, 3% C3A, and 161 m2/kg and 
a decrease of 4% C2S and 2% C4AF resulted in a decrease of 4 kJ/mol in Ea from C1 
(Type I) to C7 (Type III). Indeed, fineness appears to have the most significant effect on 
activation energy. In general, the Type III cements had lower Ea values than Type I and 
Type II cement regardless of the method used. In addition, Ea was about the same for 
concrete cylinders and mortar cubes using the method (Table 2-1).  
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Table 2-1: Summary of activation energy values reported in the literature 
 
Cement 
Type Mixture Type Method Ea (kJ/mol) Reference 
I 
Strength-mortar 
ASTM C1074-
Hyperbolic 
44 & 62 
Carino (1991) II 42 & 55 
III 40 & 42 
I 35 Barnett et al.  (2006) 
I 25 & 35 Schindler (2002) 
I 36 Ferraro (2009) 
II 31-44 Ishee (2011) III 33-37 
I 
Strength-concrete 
46 & 61 
Carino (1991) II 43 & 51 
III 43 & 44 
I 
Strength-mortar ASTM C1074-Exponential 
37 Ferraro (2009) 
I 38 & 39 Schindler (2002) 
II 23-49 Ishee (2011) III 37-49 
I Isothermal 
Calorimetry-paste Linear Method 
39 Ma et al.  (1994) 
I 35(80*) Poole et al.  ( 2007) 
I 
Isothermal 
Calorimetry-paste Modified ASTM 
C1074 
39-41 
Poole ( 2007) I/II 38 
III 37 
II 35-55 Ishee (2011) III 38-41 
I 
Semi-adiabatic 
calorimetry-
Concrete 
42 & 66 Schindler (2002) 
I 
Isothermal 
Calorimetry-paste Ea-Model 
45 
Schindler 
(2002) II 42 
III 50 
  * Adjusted for 2.303 conversion faction from ln to log 
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Research efforts suggested that discrepancies in Ea values can be explained by 
often neglected factors such as inaccurate material characterization and errors in 
prediction models or limited variation in mineralogical composition (Schindler, Ishee). 
This is a concern of this study as related to determination of Ea using degree of hydration 
concept. Aforementioned research indicated that Bogue estimation of cement compounds 
is not as accurate as Rietveld analysis with the latter yielding the actual mineralogical 
content of cements. That is to say, XRD analysis provides better quantification of cement 
mineralogical content resulting in better understanding and more accurate prediction of 
cement and concrete performance. 
 In all, several mathematical models and quantitative methods are available in the 
literature to quantify Ea from cement pastes, mortar, and concrete mixtures are presented 
here. It can be seen that activation energy determination was based primarily on strength 
and heat of hydration measurements. Accordingly, from the same data source, different 
quantification techniques were used. The next sections will address different functions 
and models proposed in the literature for activation energy determination. 
2.3.1 Strength-Based Methods 
Strength-based methods rely on the maturity concept which uses the principle that 
concrete strength is directly related to both time and temperature history. Two functions 
or methods (Equation 2-5 and 2-9) have been established in the literature, both of which 
are capable of relating the rates of strength gain with activation energy. The next sections 
present the findings in the literature on the development of these functions and their use.  
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2.3.1.1 Hyperbolic or Maturity Method 
The maturity concept was proposed in the late 1940s and early 1950s. Carino 
(1991) provided a historic timeline of the maturity concept and maturity functions. These 
functions are used to translate the measured temperature history of concrete into a 
numerical index which serves as an indicator for strength gain (Carino & Tank 1992). In 
fact, ASTM C1074-04 “Standard Practice for Estimating Concrete Strength by Maturity 
Method” provides two maturity functions one of which incorporates activation energy 
(Equation 2-2). Additionally, ASTM provides the procedures that permit the 
quantification of activation energy.  
McIntosh was the first to propose maturity concept in 1949. According to 
McIntosh, maturity could be defined by product of time and temperature (above a certain 
reference temperature of -1.1°C or 30°F); this product would define the curing history. 
However, it was concluded that there was no simple or unique relationship that can 
define maturity because strength development of concrete is governed by more complex 
factors than a simple product of time and temperature. In the same year, Nurse (1949) 
provided experimental evidence supporting McIntosh. Nurse's evidence came from low-
pressure steam curing testing. It was shown that for different concrete mixtures, the 
relative strength as a function of time-temperature and curing cycles fell reasonably close 
to a single non-linear curve. A critical concern regarding the presented work was that the 
theory of datum or reference was not taken into consideration; therefore, one cannot be 
sure whether the temperature history reflects the temperature of the chamber or the 
concrete itself. As a result, there was no clear consensus in the literature about the exact 
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value for a datum temperature other than its definition as the lowest temperature at which 
strength gain is observed (Carino 1991). 
Saul (1951) introduced the principle of maturity concept which stated as: “Two 
concretes of the same composition with the same value of maturity will have the same 
strength irrespective of the temperature history that lead to this value of maturity”. Saul 
considered the datum temperature to be -10.5°C and suggested that upon setting, concrete 
will continue to harden or gain strength at temperature below 0°C; hence, maturity should 
be calculated with respect to the lowest temperature at which hardening is observed. The 
concept was implemented in ASTM C1074 and defined by Equation 2-3. 
          M = ∑ (T-To) ∆t    Equation 2-3 
where 
M = Maturity (time -°C) 
∆t = Time interval (time) 
T = Average temperature of concrete over time interval ∆t (°C) 
To = Datum temperature (°C) 
Equation 2-3, also known as the Nurse-Saul function, defines the value of 
maturity as the total area under time-temperature history curves of the concrete. Saul is 
credited for recognizing that during early ages, temperature has greater effect on strength 
development while time has the greater effect at later ages, and that ultimately maturity is 
an approximation. Tank & Carino concluded that some form of rate constant versus 
temperature function is needed to describe the combined effect of time and temperature 
on strength development. Their study revealed that the activation energy is in fact the 
relationship between the rate constant and curing temperature. Carino (1991) provided a 
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detailed procedure that relates maturity and strength; it was later implemented in ASTM 
C1074. The specification uses Equation 2-5, a linear hyperbolic function, to correlate the 
asymptotic relation between strength and the age of the concrete mixture.  
The approach used to determine the activation energy relies on two empirical 
equations under isothermal curing conditions. The first equation (Equation 2-4), relates 
the rate constant to the rate of strength gain over time at a constant curing temperature.  
         𝑆 = 𝑆𝑢 𝑘(𝑡−𝑡𝑜)1+𝑘(𝑡−𝑡𝑜)    Equation 2-4 
where   
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength (MPa) 
k = Rate constant or rate of reaction (days-1) 
to = Age at which strength development is assumed to begin (days) 
The second equation relates the rate of reaction with the curing temperature using an 
Arrhenius equation: 
     k(T) = Aexp � −Ea
R(T+273)�    Equation 2-5 
where: 
k = Rate of reaction (day-1) 
A = Pre-exponential or frequency factor (day-1) 
Ea = Activation energy (kJ/mol) 
R = Universal gas constant [8.314 J/ (mol•ºK)] 
T = Curing temperature (°C) 
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The Arrhenius equation can be rearranged to develop a linear relationship by taking the 
natural logarithm of both sides. 
   ln(𝑘) = −𝐸𝑎
𝑅
�
1
𝑇+273
� + ln (𝐴)  Equation 2-6 
As displayed in Figure 2-3, Equation 2-6 is an equation of a straight line (Y = mx + b). 
The negative of the slope (Q =-Ea/R) is the value of the activation energy activation (Ea) 
divided by the universal gas (R). The vertical intercept is “ln (A)” which is not often 
reported in the literature. Using computer software such as solver function in Microsoft 
Excel, the parameters (Su, k, & to) in Equation 2-4 can be determined. The software uses 
the technique of least squares to optimize the best-fit values of Su, to, and k through the 
measured strength versus age data at various curing temperatures as shown in Figure 2-2. 
As such, the hyperbolic function provides a good fit while maintaining the profile of the 
actual strength data. 
 
Figure 2-2: Hyperbolic function fit for AC02 strength gain at 3 curing temperatures 
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The rate constants (k) are subsequently used to quantify the activation energy 
using the Arrhenius plot shown in Figure 2-3. This sample Arrhenius plot illustrates the 
approach of Ea quantification such that the natural logarithm (ln) of the rate constants (k) 
is plotted against the inverse of the absolute curing temperatures resulting in a straight 
line, the slope of which is Ea divided by the universal gas constant (R). 
 
Figure 2-3: Sample Arrhenius plot used to quantify the Ea (kJ/mol) 
 
 Overall, the procedure outlined in ASTM C1074 is straight forward, but its 
inconsistency is often cited as a liability. In addition, initial research pertaining to 
development of this method only considered ASTM Type I cement. Still, ASTM C1074 
appears to be too vague in terms of when strength measurements should start for each 
temperature or for that matter when should initial measurement be made for cements of 
different composition or different classifications. Similarly, the parameter to in the 
hyperbolic expression indicates that the period of gradual strength development during 
setting is not considered (Carino 1991). This assumption of zero strength gain is cited as 
y = -5356.3x + 17.941 
R² = 0.9999 
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345
L
n 
(k
) 
Reciprocal Absolute Temperature (1/Kelvin) 
Slope =Q=-Ea/R 
 -Ea/R=-5356 
 Ea=44.5 kJ/mol 
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a limitation of the hyperbolic function as pertaining to modeling the hydration behavior 
of concrete (Schindler 2002, Poole et al. 2007, and Ferraro 2009). Carino also indicated 
that the hyperbolic function was limited to strength prediction of up to 28 days equivalent 
age. As a result, an exponential function was proposed. 
2.3.1.2 Exponential Method 
The exponential function, Equation 2-8, also known as the “exponential method” 
is often used in lieu of a hyperbolic function to describe the relationship between the rate 
of strength gain, time and curing temperature. It serves as a means by which to verify the 
consistency and variability in measured activation energy values. This idea is not new; 
Freiesleben Hansen and Pedersen (1984) proposed Equation 2-7 as an empirical 
alternative to the hyperbolic equation that would relate strength development and 
maturity. 
   S = S∞ 𝑒−( 𝜏𝑀)𝑎                Equation 2-7 
where 
S = Strength at a given age (MPa) 
S∞ = Limiting strength (MPa) 
M = Maturity (time -°C) 
τ = Characteristic time constant (time) 
a = Shape parameter (dimensionless) 
Equation 2-7 can be rearranged to reflect the concrete's age as defined by the maturity. As 
mentioned above, the new format (Equation 2-8) is used extensively in the literature to 
determine the necessary parameters to quantify activation energy. 
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   S = Su 𝑒−(𝜏𝑡)𝛼  or S = Su 𝑒−(𝜏𝑡)𝛽     Equation 2-8 
where   
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength (MPa) 
τ = Time constant (days) 
α or β = shape parameters (dimensionless) replaces ‘’a” 
By comparison to Equation 2-5, Equation 2-8 (Carino 1991, Schindler, Poole, 
Ferraro, Ishee 2011) can model the gradual strength development during the setting 
period, but just as the hyperbolic function it is asymptotic to a limiting strength. Like to 
procedures used for determining the parameters in the hyperbolic function, the solver 
function of Microsoft Excel was used to determine the best fitted parameters (Su, τ, β or 
α) by fitting Equation 2-8 through the strength-age data collected at different 
temperatures as seen in Figure 2-4. 
In “The Maturity Method”, Carino (1991) used this model to compare his work 
and stipulated that the value of the 1/τ is the time constant (k) as defined in the hyperbolic 
function. It is established that the shape parameter (β or α) affects the slope of the curve 
on the acceleration period along with the rate at which the strength approaches the 
limiting strength (Su). Others (Schindler, Poole) argued that the exponential function 
provides a better understanding of the hydration process in a cementitious system, as it is 
not dependent on the setting time, to, as in the hyperbolic function. Carino also found that 
the hyperbolic and the exponential models fit data well and the curves were 
indistinguishable up to 28 days. Results from this study as shown in Figure 2-5 validate 
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Carino's observation. Furthermore, the same behavior was observed at the other curing 
temperatures. 
 
Figure 2-4: Exponential function fit of AC02 strength gain at 3 curing temperatures 
 
 
Figure 2-5: Hyperbolic and exponential fit of AC02 strength gain data at 22°C 
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Additionally, it was found that the exponential function was able to predict 
strength over a longer curing age. Nonetheless, both functions were able to predict the 
strength of up to 28 days. As a result, it can be concluded that these models are 
acceptable means of describing strength gain with time at various temperatures. Further, 
they are consistent in predicting the parameters permitting the quantification of activation 
energy. 
2.3.2 Limitations of Strength-Based Models 
 Maturity method is used extensively to estimate in-place strength of concrete. The 
ASTM C1074 provides two maturity functions, which allow the conversion of maturity 
index from reference temperatures to different curing conditions. Tank & Carino 
suggested that traditional maturity or Nurse-Saul function as defined by Equation 2-3 was 
accurate only at some limited temperature range. The second function, based on the 
Arrhenius concept, which is expressed in terms of an equivalent age (Equation 2-2) has 
been considered to be more scientifically accurate as it makes use of the mixture's 
activation energy which is determined from at least 3 curing temperatures. The above 
conclusions on both of the maturity functions were made based on observed deviation 
between actual strength development and prediction based of Nurse-Saul relation.  
 The principle of Nurse-Saul implies that mixtures with the same value of maturity 
will have the same strength irrespective of temperature. In other words, only a horizontal 
shift in strength data should be observed; however, in some mixtures there is an 
additional vertical shift which results in an intersection of the strength curves as 
illustrated in Figure 2-2 and 2-4.The underlying factor responsible for this behavior 
would be temperature since the mixture is the same (Kjellsen & Detwiler 1991). Pinto & 
 35 
 
Schindler (2010) stipulated that in some mixtures, lower curing temperature often led to 
higher later ages strength, and vice versa. The phenomenon is known as the “cross-over 
effect” (Carino & Lew 2001, Schindler 2002). 
 There are a few explanations in the literature on the cross-over effect; nonetheless 
many of which agree that the strength development of cement depends on the capillary 
porosity or degree of space filling as well as the uniformity of microstructure 
development. Verbeck & Helmuth (1968) suggested that there is a strong relationship 
between strength gain, capillary porosity, and the uniformity of distribution of hydration 
product within the microstructure of the paste and ultimately illustrating that the cross-
over effect exists due to increase in initial temperature. Moreover, they indicated that 
while an increase of hydration temperature would increase the initial rate of hydration 
and contribute to early hydration and early strength, the opposite is true at later ages. That 
is, lower strength is observed at later age because reaction products do not have time to 
become uniformly distributed within the pores of the paste. Furthermore, it has been 
indicated in the literature that more rapid hydration results in high early strength for 
cements with high C3S content and high fineness. Conversely, the hydration products 
formed will, in effect, make it more difficult for hydration to proceed at later ages, which 
may explain the decrease in ultimate strength. Their conclusions were based on test 
conducted over temperature ranges from 4.4°C to 110°C (40°F to 230°F) for 28 days. 
 As discussed earlier, two models have been used for quantifying activation energy 
that could be used in the equivalent age function based on strength measurements. 
Subsequently, the limitations of the maturity method come from the inherent limitation in 
the formulation of those strength prediction models. The typical system of strength 
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prediction on the field required maturity index on the same mixture for the same time 
frame. Based on those assertions, the following limitations are considered: 
1) The hyperbolic function is only accurate up to 28 days; therefore, it will only be able 
to predict relative strength to that age. 
2) The hyperbolic function assume that zero strength gain occurs until setting time; 
therefore it will not be appropriately model the hydration behavior of concrete 
(Ferraro, Poole et al.). 
3) Carino and Lew concluded that although the exponential function was capable of 
predicting strength over a full spectrum of ages, the shape factor (α) was not always 
independent of temperature. Consequently, the function would only depend on the 
variation of rate constant (1/τ) with temperature. As a result, it would not account for 
the combined effect of time and temperature on strength development. 
The question then becomes which of these functions should be used for strength 
development model and its implication on activation energy? Since the maturity method 
is typically used for monitoring early age strength development during construction, 
accurate modeling of strength gain at later ages is unnecessary (Carino & Lew). It can be 
then concluded that the hyperbolic function would be best suited to determine the change 
of the rate constant with curing temperature because unlike the exponential function, it is 
not susceptible to variation in temperature. Thus, it would be safe to say that the 
hyperbolic or maturity method is the better method for determining the Ea that is used in 
the equivalent age as related to strength prediction during early ages. 
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2.3.3 Heat of Hydration-Based Methods 
 There is a growing interest in the determination of the activation energy through 
heat of hydration to predict performance behavior related to hydration such as heat 
dissipation, thermal cracking resulting from thermal stress and expansion (Poole 2007). 
Particularly, heat of hydration of cement is important to engineers due to high 
temperature rise in mass concrete structures. As mentioned in Chapter 1, the process of 
hydration is exothermic in nature which means that a great amount of heat is liberated as 
hydration progress. The literature indicates that heat of hydration is an important factor 
that affects setting and behavioral characteristic of Portland cements (Ma et al. 1994). 
Several attempts have been made to measure the heat associated with hydration and 
ultimately use it to understand and predict the behavior of cementitious materials. The 
science behind the measurement of the heat of reactions is referred to as calorimetry. A 
number of methods and systems have been developed over the years to capture and 
measure this heat; namely, adiabatic calorimetry (no heat transfer through system), semi-
adiabatic calorimetry (some heat loss by system), and isothermal calorimetry (no 
temperature change). The consensus in the literature is that isothermal conduction 
calorimeter is the best available tool that can capture the net heat gain. By definition, an 
isothermal process is a process that occurs while temperature is maintained constant. The 
amount of heat generated during the reaction of cement with water is referred to as heat 
of hydration. It is measured in Joule per grams (J/g) of anhydrous cement. Hewlett (1998) 
and Mindess et al (2003) concluded that the kinetics of hydration differ in different 
cements based on its constituents and characteristics. It is also dominated by two 
constituents in particular; namely, C3S and C3A. 
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 For several years, the heat of solution method (ASTM C186) has been the 
accepted method to measure the heat of hydration of cement, but isothermal conduction 
calorimetry is now being used as an alternative to ASTM C186. Hewlett reported that 
isothermal calorimetry gave a good separation of the hydration reactions for the different 
cement minerals present. Several researchers have since proposed models which can 
easily predict the heat evolved during hydration (Sedaghat et al. 2011, Schindler 2002). 
The agreement in the literature is that isothermal calorimetry is not as laborious as ASTM 
C186. Besides, it offers the ability to fix the curing temperature and provides a suitable 
description of the influence of temperature on the rate of hydration reactions in mass 
elements (Kada-Benameur et al. 2000, Schindler 2002).  
Prior studies (Ma et al. 1994, Kada-Benameur et al. 2000, Xiong & Breugel 2001, 
D'Aloia & Chanvillard 2002, Schindler 2002, Schindler & Folliard, 2005, Poole et al. 
2007, Ferraro 2009, and Ishee 2011) indicate that isothermal calorimetry can be used to 
determine activation energy. The latter can subsequently be used in conjunction with 
additional heat measurements on semi-adiabatic system to predict temperature rise in 
concrete elements (Schindler 2005). This method relies on the concept of degree of 
hydration (α), which is a measure of the fraction of cement that has reacted (Mindess et 
al. 2003). The value of α varies from 0 to 1, where α = 0 means that no reaction occurred 
and α = 1 indicates complete hydration (RILEM 42-CEA 1981). According to Lerch & 
Bogue (1934), “complete hydration” is the limiting condition of hydrolysis and 
hydration. Others have indicated that the hydration of cement compounds in mortar, or 
concrete never exceed the limiting value of 1.0 (Mills 1966, Lin & Meyer 2009). The 
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estimation or measurement of ultimate degree of hydration resulting in value exceeding 
1.0 would be physically erroneous or meaningless.  
Equation 2-10 (Poole et al., D'Aloia & Chanvillard, Kada-Benameur et al., 
Copeland et al.) is a mathematical representation of the degree of hydration. According to 
Poole et al, the degree of hydration can be taken as the ratio of the heat evolved at a given 
time “t” to the total available amount of heat from cement. The degree of hydration can 
also be measured using chemically bound water method, which is not presented here, but 
the process is detailed in Fagerlund (2009) and RILEM 42-CEA. It was concluded that 
hydration of cement is based on several simultaneous reactions and that it was not 
possible for a single parameter to describe this phenomenon completely, but the degree of 
hydration was sufficient enough to describe it (Van Breugel 1999, Schindler 2002). 
  α (t) = H(t)
𝐻𝑢
     Equation 2-9 
where  
α (t) = Degree of hydration at time (t) 
H (t) = Heat evolved from time 0 to time t (J/gram),  
Hu = Total heat available from hydration reaction (J/gram). 
The total heat available (Hu) is quantified as a function of cement composition, amount of 
the phase, and type of supplementary cementing materials present in the system (Poole et 
al., Schindler & Folliard 2005). 
Hu = Hcem Pcem + 461 Pslag + 1800 PFA-CaO PFA Equation 2-10 
where 
pslag = Slag mass to total cementitious content ratio, 
pFA = Fly ash mass to total cementitious content 
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pFA-CaO = Fly ash-CaO mass to total fly ash content ratio,  
pcem = Cement mass to total cementitious content ratio, 
Hcem = Heat of hydration of the cement (J/gram). 
Since no other cementitious admixtures have been used in this study, Equation 2-11 will 
be reduced to: 
    Hu = Hcem Pcem   Equation 2-11 
In addition, the heat of the hydration of the cement (Hcem) is function of cement chemistry 
and is calculated in this manner: 
Hcem = 500 PC3S + 260 PC2S+ 866 PC3A +420 PC4AF +624 PSO3+ 1186 PFreeCaO + 850 PMgO 
          Equation 2-12 
where  
Hcem = Total heat of hydration of Portland cement as describe above (J/gram)  
p = Mass of ith component to total cement content ratio. 
Equation 2-12 represents the algebraic sum of heat of hydration of the individual 
compounds of a particular cementitious material at complete hydration (α = 1.0). It is a 
mathematical summary of the findings of Lerch & Bogue (1934) and Bogue (1947). The 
elemental oxide composition of clinker used in the above formulation was examined per 
ASTM C114 “Standard Test Method for Chemical Analysis of Hydraulic Cement” and 
the Bogue equations were used to quantify the main crystalline phases in clinker. Bogue 
concluded that the principal source of thermal change, which occurs during the hydration 
of cement, are the summation of the heat of solution of the several anhydrous compounds 
and heat from the precipitation of hydrates from the solution. Based on the degree of 
hydration concepts, two methods were used to quantify activation energy through 
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isothermal heat conduction measurements; namely, linear slope and exponential method 
(Modified ASTM). 
2.3.3.1 Slope Method 
 The slope method (Ma et al. 1994, Poole et al. 2007) uses the relationship 
between rate of hydration reaction and temperature to evaluate the kinetics of hydration 
in early ages. The activation energy is determined graphically through the heat evolution 
curve at different curing temperatures. This was done by equating the slope of the line of 
the linear portion of the ascending portion of the heat evolution curve for each curing 
temperature to the rate constant used in the Arrhenius relation (Equation 2-1). A least 
squares procedure was used of determined the slopes. Then, logarithms of the slopes 
were plotted against the reciprocal of absolute curing temperatures to quantify activation 
energy. This method is often referred to as the “Slope Method”.  
There is controversy in the literature as to whether the calculated Ea reflects the 
full potential hydration of given cement. This reasoning emerges from the fact that these 
slopes are taken right before the highest peak on the heat evolution curve during the 
acceleration stage where final set occurs (see Figure 2-1). Locating the point for slope 
determination is rather subjective (Poole et al. 2007). Furthermore, the slopes are 
determined from accelerating stage of the hydration process where the rate of heat 
evolution is the highest; therefore, the activation energy from this portion may not be 
conclusive of the temperature sensitivity of the mixture. The level of hydration is 
typically in 10 to 30% range at this hydration stage. Kjellsen & Detwiler (1992) found 
that the activation energy was higher for a degree of hydration between 20-30% 
hydration, which is indicative of a chemically controlled process. 
 42 
 
2.3.3.2 Exponential or Modified ASTM Method 
 The exponential method or Modified ASTM C1074 was formulated by Poole et 
al. (2007) based on previous research conducted by Kada-Benameur et al. (2000), Xiong 
& Breugel (2001), D'Aloia & Chanvillard (2002), Schindler (2002), and Schindler & 
Folliard (2005) on relating calorimeter work to activation energy of cementitious 
materials. The method follows the same procedures outlined in ASTM C1074 for 
strength data except the data is based on heat of hydration measurements. Some studies 
had focused on establishing a relationship between hydration and compressive strength 
which could indicate an equivalency of the activation energy obtained from both 
measurements (Abdel-Jawad 1988, Schindler, Poole et al.).  
As mentioned earlier, several attempts have been made to relate heat of hydration, 
degree of hydration, and the equivalent age for prediction of performance behavior such 
as heat evolution, heat dissipation, and thermal cracking. The activation energy is an 
important parameter in establishing these predictions. In the modified ASTM method, an 
exponential function (Equation 2-13) is used to characterize cement hydration. This is 
done by fitting it through the estimated degree of hydration data to determine the best fit 
parameters (αu, τ, β) and the activation energy is subsequently quantified. 
  α (t) = αu 𝑒−(𝜏𝑡)𝛽    Equation 2-13 
where  
α (t) = Degree of hydration at age t 
αu = Ultimate degree of hydration 
τ = Hydration time parameter (hours) 
t = Elapsed time since cement–water interaction (hours) 
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β = Shape parameter (dimensionless) 
Equation 2-13 has been used by several researchers (Schindler 2002, Poole 2007, 
Ferraro 2009, and Ishee 2011) and was found to provide reasonable results for a number 
of prediction models. Similar to procedures outlined for strength-based models, the solver 
function of Microsoft Excel was used to minimize the sum of the squares of the residuals 
to obtain the best-fit parameters (αu, τ, and β).  
The ultimate degree of hydration (αu) was introduced to characterize the definitive 
extent of hydration which depends on the water to cement ratio, temperature and cement 
composition (Schindler & Folliard 2005). This conclusion was based on the findings of 
Mills (1966) who determined the ultimate degree of hydration using chemically bound 
water measurements. However, the αu used for the exponential method here is a result of 
data fitting and not a measured quantity. 
2.4 Effect of Composition, Blaine Fineness, and Particle Size Distribution 
 The effect of cement composition on activation energy has not been studied 
extensively in the literature. And yet, the concept is well understood for strength 
development and rate of heat of hydration. Both are primarily used to quantify activation 
energy. It has been established that all clinker phases contribute to strength development 
and heat of hydration; but the extent of their individual contribution differs. For example, 
C3S, which is the most abundant phase in Portland cement clinker, is responsible for early 
strength gain whereas C2S has its primary influence on long term strength. In general, 
cement with high C3S content hydrates more rapidly and have higher early strength 
(Mindess et al.). However, cements with high C2S exhibit much slower hydration rate and 
higher long-term strength.  
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 The contribution of C3A and C4AF is relatively complex. Mindess et al suggested 
that while C3A and C4AF compete for sulfate ions, C3A is much more reactive than 
C4AF. Recently, Juenger et al conducted research on the behavior of C3A using high 
aluminate cements. The findings indicate that the behavior of C3A is controlled by sulfate 
content (SO3) and that C3A generates a great amount of heat during its hydration, but its 
contribution to strength is low. Bogue (1934) advanced that cement continues to evolve 
heat during hardening for at least 6 months, but a great portion develops at the end of 3 
days and ultimately the rate of heat liberation depends on the chemical composition of the 
cement. The consensus in the literature is that the order of phases, in terms of their 
contribution to heat generation in the first few days is like this: C3A>C3S>C4AF>C2S. 
 D'Aloia & Chanvillard (2002) used Ea simulation models on pure C3A (3 & 10%) 
with sulfate content (3 & 4%) and C3S (54 & 48%) through isothermal calorimetric 
testing over temperature range of 10 to 28°C for 50 hours to investigate the influence of 
individual compounds on activation energy. A constant Ea with varying C3S while there 
was significant variation in Ea value with C3A. D'Aloia & Chanvillard pointed out that 
mineralogical composition not only played major role on rate of heat hydration or 
strength gain but also influenced the activation energy. Furthermore, in the case of C3A 
the presence of sulfate dictated its behavior and therefore its influence on cement's 
behaviors and performance. In short, the amount and activity of C3A balanced by the 
amount and type of sulfate blended with the cement dictate the behaviors of tricalcium 
aluminate.  
 Review of the literature has illustrated that several aspects of concrete behaviors 
are influenced by fineness and phase composition of its cementitious component. The 
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most prominent trend is that increase in fineness increases the rate of hydration as more 
surface area become available for the reaction (Maekawa et al.), which also increases the 
rate of strength gain. It was further indicated that fineness affects heat of hydration; 
however, its effect is more pronounced at early age rather than later age (Hooton et al. 
2005, Hewlett, Bentz et al. 1999). Additionally, the trend was consistent regardless of the 
curing temperature. It is also important to note that cement phases do not have equal 
grindability; as a result, their concentration in different particle size ranges might not 
necessarily be equal. 
 According to Jillavenkatesa et al. (2001), particle size distribution (PSD) defines 
the relative amount of particles present in the material at specific size. Typically, cement 
particle size vary from <1μm to 100μm in diameter (Mehta & Monteiro). Laser 
diffraction techniques are used to determine the PSD on dry cement powders. In general, 
expression of PSD are based on a volume distribution using measures of D10, D50, and 
D90 which identify the 10th/50th/90th percentiles below a given particle diameter (Azari 
2010). For the certain application, mean particle size (MPS) which expresses the volume 
mean as an average of D10, D50, and D90 is used to identify PSD (Horiba Instruments, 
2012). In other word, MPS provides an approximation of the central point of particle size 
distribution of an entire sample. Bentz et al. (1999) indicated that PSD influences not 
only the energy consumption in the milling process, but also the properties of fresh and 
hardened concrete. Wider PSD is advantageous for increasing packing density of the 
system and decreasing the mix water demand (Wang et al. 1999). In addition, PSD 
techniques are better in characterizing cement particles, as cements with the same total 
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surface area and therefore the same Blaine value may have very different PSD (Mehta & 
Monteiro 1993, Malvern.com 2009). 
2.5 Activation Energy Models 
 In the quest of providing accurate prediction of concrete properties, numerous 
models for activation energy determination have been developed. A summary of the 
proposed models are presented here: 
1) Strength of mixtures data-Freiesleben Hansen and Petersen (1984) 
 
2) Heat of hydration data 
(a) Xiong and Van Breugel (2001) 
E[α(t),T] = (44.92-0.043∙T)∙exp(-0.00017∙T)e-α(t) 
where α is the degree of hydration and T the temperature (Kelvin). 
(b) Schindler & Folliard (2002) 
Ea = 22,100 ∙ fE ∙ PC3A0.30 ∙ PC4AF 0.25 ∙ Blaine0.35 
where fE is an Ea modification factor for supplementary cementitious materials, P is 
ratio of each component in terms of cement content determined using Bogue 
estimation, and Blaine is the Blaine fineness value. 
(c) Poole (2007) 
Ea = 31,400 ((PC3A + PC4AF) ∙ Pgypsum)0.13 ∙ Blaine-0.07 ∙ w/c-0.05 
where P is the ratio of each component in terms of cement content as determined by 
Bogue estimation and w/c is the water to cement ratio of the paste.  
Ea= 
• 33.5 kJ/mole for Θ ≥20°C 
• 33.5+1.47∙(20-Θ) kJ/mol for Θ <20°C     
where Θ is the curing temperature (°C) 
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(d) Poole (2007) 
Ea = 37,800 ((PC3A) · (CaSO4∙xH2O + K2SO4))0.05 ∙ Blaine-0.03 ∙ w/c-0.04 
where CaSO4·xH2O = Sum of % by mass of gypsum, hemihydrate, and anhydrite, 
K2SO4 = % by mass of arcanite, and PC3A = % of C3A in cement, as determined by 
Rietveld analysis. 
The strength-based Ea model suggests that activation energy depends on the 
curing temperature beyond the datum temperature while the heat of hydration based 
models correlate the temperature sensitivity of hydration reactions and cement phases. 
Using a temperature function in the temperature range from -10 to 90°C, Freiesleben and 
Hansen (1984) suggests that activation energy remains constant above 20°C. The model 
does not take into consideration the role of cement composition contrary to what has been 
reported by others (Carino, Schindler). Moreover, it assumes that below 20°C, the 
activation energy is simply a function of temperature. This latter is in direct contradiction 
with Arrhenius law.  
Xiong & Van Breugel's model which is based on the isothermal calorimetry, 
suggests that Ea is a function of both temperature and degree of hydration. The effect of 
degree of hydration on the activation energy is not well documented in the literature. 
However, Kjellsen & Detwiler (1992) indicated that beyond 30% hydration, the 
activation energy gradually decreases. In a prior study, Abdel-Jawad (1988) found that 
beyond 60% of hydration, activation energy decreases in response to change from 
chemical to a diffusion-controlled process, where temperature dependence is less 
significant. Nonetheless, the concept of degree of hydration has been used by others in 
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determining activation energy (Kada-Benameur et al., Schindler, Ishee, and D'Aloia & 
Chanvillard).  
Poole and Schindler used isothermal calorimetry and their proposed models 
indicate that cement chemistry and fineness influence activation energy. Their research 
was conducted on paste mixtures and implemented statistical means in determining the 
parameters to be incorporated in the models. In addition, Poole went further to 
incorporate the influence of gypsum, other soluble content of sulfates, and water to 
cement ratio into his model. Poole used the phase content based on Rietveld analysis to 
improve prediction accuracy of his model. However, models proposed by Poole and 
Schindler are limited to prediction of hydration-based performance because activation 
energy from these models will not be compatible with strength-based Ea. In fact, 
Schindler (2002) indicated that activation energy results obtained from strength data are 
not applicable in predicting the degree of hydration development. 
 In many respects, previous research indicates that several aspects of cement 
chemistry have influence on activation energy, including C3S, C2S, C3A, C4AF, and 
Blaine fineness. While numerous researchers correlate phase composition using Bogue 
calculation and Rietveld, no one has implemented the effect of particles size distribution 
on the activation energy or the influence of phases on strength based Ea. In this work, the 
suitability of phase composition, Blaine fineness, and mean particles size on activation 
energy determination using strength and heat of hydration measurements will be 
investigated. 
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CHAPTER 3: EXPERIMENTAL METHODOLOGY 
This chapter presents the experimental techniques and methodology implemented 
in characterizing the as-received materials used in this study in addition to the 
experimental plan. As stated earlier, the objective of this research is to determine the 
effect of cement mineralogical composition and particle size distribution on activation 
energy. Additionally, the effect of strength versus heat of hydration measurements on the 
predicted activation energy will also be addressed. Most important, the significance of the 
type of mixture used in the determination of activation energy will be considered. Finally, 
models will be proposed that can relate activation energy prediction to cement properties.  
3.1 Materials Selection 
 Cement material characteristics influences performance and durability. Careful 
consideration was made in selecting the cements in order to isolate these effects. Four 
cements, obtained from two different suppliers were used in this work. Each set of 
cement has similar composition, but different fineness. The as-received cements conform 
to ASTM C150-09 “Standard Specification for Portland Cement Classification” and the 
American Association of State Highway and Transportation Officials (AASHTO) M85. 
According to specifications, the selected cements can be classified as Type I (LG01), 
Type II (AC02), and Type III (AC03, LG03). In addition, cements selected for this study 
satisfied two purposes: they are typical of cements used in FDOT projects and also 
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reflects variation in cement composition to assess activation energy for cements of 
different mineralogy and fineness.  
 All sand used in this study for mortar cubes, mortar mixtures, and as reference 
material in the calorimeter was obtained from U.S. Silica Company, 701 Boyce Memorial 
Drive, Ottawa, Illinois 61350. The Ottawa sand is finely graded sand conforming to 
ASTM C778-08 “Standard Specification for Standard Sand”. 
 Distilled water was used for all mixtures. Additionally, all specimens were cured 
in a saturated lime solution using 98% extra pure calcium hydroxide. This was done to 
eliminate leaching of calcium hydroxide from the hydrated paste during extended curing 
periods, especially at high curing temperatures. 
In order to address the objectives of this study, the selected cements and their 
corresponding mortars were subjected to a battery of tests; namely, as-received material 
characterization tests (X-ray fluorescence, X-ray diffraction, and particle size 
distribution), setting time, strength development, and heat of hydration. The testing 
protocol for all these methods will be discussed in the following sections. 
3.2 Tests on As-Received Cements 
3.2.1 Oxide Chemical Analysis per XRF 
Oxide chemical analyses of all as-received materials were conducted in order to 
assess the effect of the cement chemistry on its performance. X-ray fluorescence (XRF) 
was used for elemental oxide quantification. The tests were performed by a commercial 
certified lab (CCL). Subsequently, potential cement phase compositions were quantified 
in accordance with ASTM C150-09 in which the Bogue equations were used to 
determine the cement potential phase compositions. However, published literature has 
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established that Bogue equations reflect the potential mineralogy composition but not 
necessarily actual mineral content; that is, the phases could be underestimated or 
overestimated especially C3S and C3A (Lea 1970, Mehta & Monteiro 1993, Hewlett 
1998, Mindess et al. 2003). It is therefore not satisfactory to just use potential phase 
content (Bogue calculations) as the primary tool for phase quantification. Mineralogical 
analysis was conducted using X-ray diffraction and Rietveld analysis. 
3.2.2 Mineralogy Analysis Using X-Ray Diffraction (XRD)  
 Apart from the bulk elemental oxide composition, phase content of Portland 
cement is of great significance. It is understood that different cement phases have 
different contribution to concrete properties. Stutzman (2005) suggested that application 
of accurate measurement techniques for cement phases quantification improves 
knowledge of their influences on cement hydration characteristics, strength development, 
durability of a structure, and make concrete a more predictable construction material. X-
ray diffraction (XRD) is a direct method of identification and quantification of crystalline 
compounds such as those of clinkers and cements (Stutzman 1996, Leng 2008). Maqsood 
& Iqbal (2010) indicated that not only XRD is a rapid analytical technique of phase 
identification of a crystalline material, but it can also provide information even on unit 
cell dimensions. Examination of crystal structure of powder sample by X-ray diffraction 
technique involves the identification of individual phases from its unique diffraction 
pattern such that the intensity of the diffracted beam of a phase is proportional to its mass 
concentration (Leng, Stutzman). 
 XRD scans of as- received cements were collected in accordance with ASTM 
C1365-98 “Standard Test Method for Determination of the Proportion of Phases in 
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Portland Cement and Portland-Cement Clinker Using X-ray Powder Diffraction 
Analysis". Mixtures of cement and ethanol 200 proof absolute 99.5% pure were prepared 
and wet ground in McCrone micronizing mill to particle size between 1 and 10 
micrometer. The wet grinding method was used to avoid the effect of temperature on 
gypsum and its possible phase transformation to hemihydrates or anhydrite. Samples 
were dried at 43°C using a Buchner funnel and were later stored in desiccators to assist in 
evaporation of ethanol and eliminate possible hydration problems. After drying, samples 
were placed in a sample holder and compressed by 20 tons of force to provide smooth 
and constant surface for XRD scan. The samples were then placed in Phillips X’Pert 
PW3040 Pro diffractometer using Cu Kα radiation. The phase compositions of the 
ground cements were quantified using Rietveld analysis through the X-Pert system's 
HighScore Plus software. The Rietveld method is a full-pattern fit method and relies on 
very complex mathematical algorithm as presented by Saoût et al. (2011). Duplicated test 
was conducted on each sample and the average of the measured phase was reported.  
3.2.3 Blaine Fineness and Particles Size Distribution  
 The last step in manufacturing Portland cement involves grinding of Portland 
cement clinker with calcium sulfate or one of its hydrates. The product of this grinding 
stage is what is known as Portland cement. Fineness to which cement is ground has 
significant effect on the behavior of cement especially during early stages of hydration 
(Mindess et al. 2003). There are two basic measures of fineness; namely, Blaine (Air 
permeability) and Turbidimeter. Blaine fineness was used in this study. It is an indirect 
measure of total particle surface area of each cement sample and can be determined by air 
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permeability apparatus according to ASTM C204-07 “Standard Test Method for Fineness 
of Hydraulic Cement by Air Permeability Apparatus”. 
Prior to conducting Blaine fineness measurements on the as-received cements, the 
air-permeability apparatus was calibrated in accordance with ASTM C-204 section 4. A 
sample bed of standard cement SRM 114 obtained from the National Institute of 
Standards and Technology (NIST) was used. The calibration was run at 21.1°C (70°F) 
and the relative humidity was 61%. Upon completion of calibration, a corresponding 
sample mass of 2.898 grams was determined. Using the same settings, Blaine fineness for 
as received cements was quantified using triplicate trials as indicated in the 
specifications. The results satisfied the bias and precision of the test standard. While the 
method is widely used in the cement industry for quality control, it offers some 
drawbacks. For example, a single averaged value may be given to two cements with 
different proportion of fines; that is, two different cements have the same surface area 
and give the same Blaine value even though they have different particle size distribution 
(PSD) (Mehta & Monteiro 1993, Malvern.com 2009). In contrast to total surface area 
measurements, particle size distribution measurements provide more accurate insight on 
the quality and grading of the cement (Malvern.com 2009). 
PSD defines the relative amount of particles present and sorted to size 
(Jillavenkatesa et al. 2001). Typical particles size in Portland cement vary from <1μm to 
100μm in diameter (Mehta & Monteiro 1993). Particle size influences hydration rate and 
strength and is a valuable indicator of cement quality and performance (HORIBA 
Instruments 2012). PSD techniques provide information on cement particles which have 
different shape and size. The characterization of the particles for the as received cements 
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was conducted using the principle of laser diffraction. That is, a particle will scatter light 
at an angle determined by its particle size (HORIBA Instruments). The angle of 
diffraction increases as the particle size decreases; this method is particularly effective in 
particle size range of 0.1 and 3,000 μm (Jillavenkatesa et al.). A LA-950 laser scattering 
particle size analyzer manufactured by HORIBA Instruments was used to analyze the 
particle size distribution of the cements. The instrument has the capacity to measure wet 
and dry samples measuring 10 nm to 3 mm. Most important, the instrument is capable of 
continuous measurements for analyzing process streams. 
Sample preparation was conducted per manufacturer’s guide. An adequate 
amount of dry cement was homogenized by mechanical agitation through flow cell of the 
instrument as the PSD measurement begins (HORIBA Instruments 2001). The 
cumulative percentage passing that particle size (under size %) and the actual volume 
percentage of samples of that size (differential q %) are quantified as shown Figure 3-1 
and 3-2 respectively. Based on a normal distribution, statistical calculations such as 
mean, median, and standard deviation are used to describe PSD results. It is worth noting 
that the results as shown in Figures 3-1 and 3-2 are over-lapped which is an indication of 
accuracy and precision of the testing technique. 
The expressions of PSD results are based on a volume distribution using measures 
of D10, D50, and D90 (under size %) which identify the 10th/50th/90th percentiles below 
a given particle diameter (Azari 2010). D50 is also defined as the median size; that is, the 
size that splits the distribution with half above and half below this diameter. 
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Figure 3-1: Sample of cumulative percentage passing of particle size distribution 
 
 
Figure 3-2: Actual percentage of particle size distribution in the cement sample 
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Similar to the concept of average, the mean size or mean particle size (MPS) 
expresses the volume mean as an average of D10, D50, and D90 to identify PSD (Horiba 
Instruments 2012). In other word, MPS provides an approximation of the central point of 
particle size distribution of an entire sample on volume basis (Azari, Horiba Instruments). 
Triplicate tests were conducted on all as-received cements and averages of the 3 tests 
were reported. 
3.3 Activation Energy Data Collection 
3.3.1 Heat of Hydration of Cement 
 TAM Air, an 8-channel isothermal heat conduction calorimeter by TA 
Instruments, was used for heat flow measurements (Figure 3-3). Heat of hydration 
measurements were conducted according to ASTM C1072-09 “Standard Test Method for 
Measurement of Heat of Hydration of Hydraulic Cementitious Materials Using 
Isothermal Conduction Calorimetry”. The calorimeter has an operating temperature range 
of 5 to 90°C. The calorimetric channels are of twin type, consisting of a sample and a 
reference vessel, each with a volume of 20 ml. As shown in Figure 3-3, channels that are 
labeled “A” were used for actual mixture while channel “B” contained the reference 
material. The thermostat uses circulating air with advanced temperature regulating 
system to maintain the temperature very stable within ± 0.02°C. The resulted temperature 
change between the sample and the surroundings (that are kept constant) results in heat 
flow (Wadsö 2005). This is the heat that is monitored continuously. The high accuracy 
and stability of the thermostat makes the calorimeter well suited for heat flow 
measurements over extended periods of time (TA Instruments 2008). Built-in calibration 
heaters are used for calibration of the calorimetric units and general performance test and 
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calibration are performed on regular basis. Pico LogTM which is a commercial software 
package was used for data collection and analysis. 
 
Figure 3-3: Profiles of the twin-channel isothermal calorimeter (TAM Air) 
 In addressing the effect of mixture type and different methodology on activation 
energy values, two different types of mixture were used in the heat flow experiments; that 
is, cement paste and mortar. Paste Samples less than 5 grams were prepared. 3.3007 
grams of cement was mixed with 1.650 grams of water. Water to cement ratio (w/c) of 
0.5 was maintained for all the mixtures. A mass of 12.33 grams of Ottawa sand (Quartz) 
was placed in the reference cell as the inert sample during testing as well. The weight of 
the sand in the reference cell is the total weight which reflects the equivalent heat 
capacity of the paste mixture. In addition, the same amount of reference material is used 
for gain calibration of the calorimeter between testing runs at each temperature. The dry 
cement was loaded into an ampoule (Figure 3-4). The ampoule contains a stirring fixture 
and a syringe that can be loaded with the appropriate amount of water to achieve the 
desired w/c ratio. The ampoule was then positioned in a channel or a compartment of 
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TAM Air maintained at the desired testing temperature. Figure 3-4 also shows the typical 
configuration of the ampoule and 20 ml glass with dry sample inside the calorimeter. 
When the system reaches the desired temperature, water was then added using the syringe 
and the mixture was stirred inside the calorimeter constantly for 60 seconds. Due to the 
exothermic nature of cement hydration, heat is released once water touches cement (TA 
Instruments). Consequently, internal mixing was used as it provided the ability to record 
the heat of hydration of cements right from the time of mixing water with cement. 
Furthermore, the rate of heat production was continuously monitored as a function of 
time for a period of 7 days. Heat of hydration tests were conducted on the each sample at 
temperatures of 23, 30, and 40°C. The calorimetry was calibrated between each 
temperature runs and all heat of hydration measurements were achieved in duplicate runs 
to ensure the precision of results. 
 
Figure 3-4: Ampoule and typical ampoule-glass container configuration 
 
 Mortar mixtures were prepared using external mixing procedures. External 
mixing was selected over internal mixing to obtain homogeneous sample as the ampoule 
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mechanism was not adequate to mix mortar. Mixing was conducted at room temperature 
(22°C) for all the samples. In addition, they were hand mixed for 2 minutes to achieve 
homogeneity and mortars were inserted immediately into a 20 ml glass container and 
lowered into the calorimeter. Precaution was taking to minimize the time from external 
mixing to loading of the sample into calorimeter to reduce heat loss to the environment. 
The average duration was 6 minutes. Mixtures proportions were: 10 grams of cement, 
27.5 grams of Ottawa sand and 4.85 grams of distilled water. The w/c was 0.485 and sand 
to cement ratio was 2.75 reflect the proportion used in strength mortar cubes per ASTM 
C109. The objective here was to maintain the same mix proportions used in strength 
measurements in heat of hydration measurements to address the question of the 
equivalency of activation energy determination from heat of hydration versus strength 
measurements. Similarly, temperatures of 22, 30, and 40°C were used for mortar 
mixtures in the effort to match curing temperatures of mortar cubes used for strength 
measurements. At higher temperatures, the components of the mixtures were left in an 
oven overnight at the required temperature in an effort to minimize temperature 
disturbance in the calorimeter. Because all samples were externally mixed at room 
temperature, the first two hours of testing were removed from the raw data to account for 
error on temperature adjustment between the sample and the calorimeter in the analysis 
of mortar mixtures. All heat of hydration measurements were achieved in duplicate runs 
for seven days at each curing temperature to ensure the precision of results. Similar to 
paste mixtures, the calorimeter was calibrated between each temperature. 
A total mass of 24.5 grams of mortar was placed in 20 ml glass container with 
32.63 grams of Ottawa sand in the reference cell during testing. Heat of hydration 
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measurements were taken for seven days. Figure 3-5 show sample of mortar in the 20 ml 
container after 7 days of testing at 40°C. 
 
Figure 3-5: Mortar samples in 20 ml glass after 7 days of testing 
 
 
 The isothermal calorimeter used in this study has eight twin channels that partially 
share the same heat-sink; evidently, there is a possibility that thermal power in one 
channel might possibly affect the power in neighboring channels. Wadso (2010) indicated 
that this might occur when two adjacent channels have significant difference in thermal 
power or if a sample, at significantly different temperature than the calorimeter, is 
inserted into the calorimeter. Thus, for mortar mixture, samples were prepared the same 
day and efforts were made to minimize the time from inserting the first sample to the last 
sample to less 1 hour. Additionally, the same channel or compartment was used for the 
same mixture (paste or mortar) at each temperature to minimize differential and random 
errors in the results. It is worth noting that all duplicate runs had less than 1% heat 
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deviation at 1, 3 and 7 days. Likewise, heat evolution and cumulative heat were 
normalized to the mass of anhydrous cement in the mixture (Appendix B and Appendix C 
show the raw data for paste and mortar mixtures, respectively). 
3.3.2 Strength Measurements 
3.3.2.1 Setting Time 
As explained in §2.2, the gradual stiffening or increase in rigidity of fresh 
concrete is commonly referred to as setting. Cement chemistry, ambient temperature, 
fineness, and water-to-cement ratio are among the important factors that affect setting 
time. Although setting is caused primary by reactions between cement and water, the 
setting time of concrete or mortar does not correspond with the setting time of its cement 
components (Mehta & Monteiro 1993). The initial and final setting time of concrete are 
defined arbitrarily by the testing method ASTM C403-08 “Standard Test for Time of 
Setting of Concrete Mixtures by Penetration Resistance” (Mehta & Monteiro, Mindess et 
2003). In general, setting time is used as an indication of the relationship between time of 
initial addition of water to cement and the concrete initial and final set points that define 
loss of flow and ability to sustain load (Mindess et al.). According to Dodson (1994), 
time of setting is a critical period where concrete is vulnerable to the environmental 
influences. In fact, setting time dictates appropriate times for placement, compaction, 
finishing, or loading of the concrete. The standard procedure provided by ASTM for 
measurement of setting time of concrete was conducted using mortar samples. The time 
of setting was determined for the as-received cements at three temperatures; namely, 
23°C, 30°C, and 40°C. Water to cement ration (w/c) of 0.485 and sand to cement ratio of 
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2.75 was used to reflect the same proportion used for mortar mixtures for heat of 
hydration measurements.  
The mortar mixtures were preconditioned to the curing temperatures. All mixing 
were conducted at the corresponding curing temperature except at 40°C in accordance 
with mixing procedure outlined in ASTM C305-06 “Standard Practice for Mechanical 
Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency”. Exceptions 
were made at 40°C because it was difficult to maintain the room temperature to 40°C; 
therefore, room temperature of 33 degree Celsius was used instead. In addition, the 
penetration resistance which is the force required to cause a needle penetration of 1 inch 
[25mm] into the mortar mixtures was conducted at corresponding temperature except for 
40°C; however, mixtures were kept in their respective temperatures between 
measurements by placing test containers in an oven set at the test temperature. Precaution 
was taken to minimize the time from removing and returning the specimen from and to 
the curing apparatus. Initial and final set were marked at 500psi (3.5 MPa) and at 4000 
psi (27.6 MPa) respectively per ASTM C403. The setting times were calculated from 
linear interpolation from the plot of penetration resistance versus elapse time curves. 
Duplicate runs were conducted on all cement mixtures and the averages of the two tests 
were reported. Even though setting times do not reflect the actual compressive strength at 
those arbitrary points, they were used to determine the initial compressive strength testing 
age for mortar cubes used in activation energy determination per specifications 
requirements.  
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3.3.2.2 Mortar Cubes Strength Measurements 
 Mortar cubes were proportioned according to ASTM C109-09 “Standard Test 
Method for Compressive Strength of Hydraulic Cement Mortars”. The proportions were: 
w/c of 0.485 and sand to cement ratio of 2.75. Distilled water was used for all mixtures. 
Distilled water is pure and so prevents other side reactions that could result in unexpected 
results. Mortar cubes were mixed in accordance to ASTM C305-06. The cubes were then 
cured in saturated lime solution baths maintained at 3 different temperatures (22, 30, and 
40°C) in accordance with Annex A.1 of the ASTM C1074-04 “Standard Practice for 
Estimating Concrete Strength by Maturity Method”. A Blue M Magni Whirl 1120A-1 
constant temperature bath with agitation system was used to cure the cubes. The variable 
rocking motion of agitator provides gentle, quiet agitation and circulation throughout the 
bath to maintain constant curing temperatures. The compressive strength was determined 
per ASTM C109-09 using MTS 809 Axial/Torsional Test System. Strength averages 
were reported accordingly and checked against the precision and bias of the testing 
method. For this study, any deviation of more than 6% within a strength test average 
prompted reruns of that test. Averages of strength for at least a duplicate run at each 
curing temperature for the selected cement are reported here and used for activation 
energy determination (see Appendix D). 
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CHAPTER 4:  RESULTS AND DISCUSSIONS 
 In concrete research, the concept of activation energy (Ea) has been used 
extensively to predict equivalent age, strength, heat evolution, heat dissipation, and 
thermal cracking. It defines the relationship between reaction rates and curing 
temperature and quantifies the amount of energy required for reactions to take place in a 
given system. Research efforts have shown that chemical and physical properties of 
cement affect the activation energy and ultimately cement performance. However, there 
is no consensus in the literature about the proper method of determining activation energy 
or what value should be used for a particular application. That is, whether there is any 
equivalency between activation energy determined from strength development and that 
assessed through heat of hydration measurements. In fact, activation energy values 
reported in the literature reflect a wide range of values and methodology. As presented in 
Table 2-1, these values range from 23 kJ/mol to 80 kJ/mol for Type I cement, 31 kJ/mol 
to 55 kJ/mol for Type I/II cement, and 33 kJ/mol to 50 kJ/mol for Type III cement. The 
current investigation offers a consistent methodology and analysis on activation energy 
determination for cements of variable chemical and physical characteristics in order to 
address conflicting data currently present in the literature. The results of this study will be 
presented and discussed in this chapter. 
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4.1 Selection and Characterization of As-Received Cements  
Performance of cements is influenced by its mineralogical composition and 
physical properties. Therefore, detailed characterization of the as-received cements was 
conducted. A total of four cements from two different plants were selected to provide 
variability in chemical composition and fineness. The as-received cements conformed to 
ASTM C150-09 and are classified in the following manner: Type I (LG01), Type I/II 
(AC02), and Type III (AC03, LG03). In order to properly characterize the chemical and 
mineralogical characteristics of as-received cements, X-ray fluorescence (XRF) and X-
ray diffraction (XRD) were conducted on all of them as previously discussed in Chapter 
3. The following sections present results on chemical, mineralogical, and physical 
analysis conducted on as-received cements. 
4.1.1 Elemental Oxide Chemical Analysis  
Table 4-1 outlines the chemical oxide composition and potential phase 
composition of as-received cements with the latter calculated in accordance to ASTM 
C150-09. The specification uses Bogue equations to approximate the mineral content 
which is what primarily controls concrete’s performance. Yet, as an approximation 
method, Bogue equations do not necessarily reflect the mineralogical content accurately. 
Nonetheless, XRF results indicate that AC01 and AC03 have the same amount of C4AF 
(12%) with AC03 having a higher C3S content while AC02 has higher C2S. Plus, LG01 
and LG03 have similar compound composition. The results therefore indicate that 
cements obtained from the same plant (AC02-AC03) and (LG01-LG03) have basically 
similar chemical composition while cements from different plants (AC series and LG 
series) have different chemical composition. Table 4-1 also includes the expression: C3S 
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+ 4.75C3A which is defined as the heat index. ASTM C150-09 specification sets limit on 
the heat index to ensure that 7-day heat of hydration of 290kJ/kg (70cal/g) is met for 
Type II (MH) cement using ASTM C186 for heat of hydration measurement. 
Table 4-1: Elemental oxide chemical composition of as-received cements [CCL] 
Analyte 
AC02 
(wt. %) 
AC03 
(wt. %) 
LG01 
(wt. %) 
LG03 
(wt. %) 
SiO2 20.01 20.02 18.67 19.01 
Al2O3 5.15 5.32 5.7 5.66 
Fe2O3 3.86 3.88 2.63 2.55 
CaO 63.52 63.43 60.15 60.89 
MgO 0.92 0.93 2.92 2.76 
SO3 3.18 3.99 4.83 4.6 
Na2O 0.12 0.12 0.41 0.37 
K2O 0.42 0.43 1.1 1.02 
TiO2 0.26 0.27 0.25 0.26 
P2O5 0.13 0.13 0.26 0.25 
Mn2O3 0.01 0.01 0.07 0.08 
SrO 0.06 0.006 0.28 0.28 
Cr2O3 0.01 0.001 <0.01 <0.01 
ZnO 0.01 <0.01 0.06 0.07 
L.O.I (950° C ) 2.4 1.68 2.58 2.54 
Total 100.07 100.31 99.91 100.33 
Alkalis as Na2O 0.4 0.41 1.13 1.04 
Free Calcium Oxide 0.86 1.05 0.61 0.36 
Potential phase content* per ASTM C150-09 (Bogue) 
C3S (%) 57 53 47 49 
C2S (%) 14 17 18 18 
C3A (%) 7 8 11 11 
C4AF (%) 12 12 8 8 
C3S+4.75 C3A  91 89 99 101 
*( no adjustments for possible limestone  or inorganic processing addition) 
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From Table 4-1, it is noted that AC03 cement has a heat index below 90, which is 
an indicative that the cement does not have to satisfy fineness requirements of ASTM 
C150-09 for Type II (MH). In short, XRF results indicate that cements obtained from 
each cement plant or clinker were similar while cements from different producers showed 
variation in their composition, which is desirable in satisfying the scope of this 
investigation. 
4.1.2 Mineralogical Analysis  
 There is a growing interest in quantifying cement crystalline content through X-
ray powder diffractometry (XRD). XRD is a direct quantification technique that is used 
in cement and clinkers minerals (Stutzman 1996). Even though XRD is a powerful tool 
that characterizes cement mineralogy accurately, it is not widely used by the cement 
industry. In this study, phase mineralogy of the as-received cements was quantified using 
XRD and Rietveld analysis. The data reported in Table 4-2 are the averages of duplicate 
runs for the as-received cements. XRD results indicate confirmed that the mineralogy of 
cements obtained from the same production plant was similar. Additionally, it was 
observed that AC cements have slightly higher tricalcium silicates while LG cements are 
characterized by higher tricalcium aluminates. The main contribution of tricalcium 
silicates is in early strength gain while tricalcium aluminate main effect is in the heat 
generation and temperature rise in concrete. 
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Table 4-2: Phase mineralogy (XRD) and properties of as-received cements 
Phase Composition AC02 AC03 LG01 LG03 
Alite (C3S) (%) 61.44 61.65 57.28 58.75 
Belite (β-C2S) (%) 12.95 14.03 12.88 13.31 
Ferrite (C4AF) (%) 11.68 12.67 6.43 5.90 
Free lime (CaO) (%) 0.04 0.16 0.00 0.00 
Alum_cub (C3A) (%) 5.40 5.74 8.80 9.69 
Alum_ortho (C3A) (%) 1.18 1.13 0.95 1.50 
Total C3A (%) 6.58 6.87 9.75 11.18 
Periclase (MgO) (%) 0.12 0.18 1.97 1.84 
Arcanite (K2SO4) (%) 1.33 1.09 2.02 1.78 
Portlandite [Ca(OH)2] (%) 0.28 0.23 0.37 0.32 
Calcite (CaCO3) (%) 2.13 0.95 2.13 2.24 
Quartz (SiO2) (%) 0.00 0.00 0.00 0.00 
Gypsum (CaSO4. 2H2O) (%) 2.87 1.12 6.20 3.53 
Hemihydrate (CaSO4.1/2H2O) (%) 0.57 0.96 0.96 1.11 
Anhydrite (CaSO4) (%) 0.00 0.09 0.00 0.04 
SO3* (%) 2.26 1.60 4.34 3.10 
*SO3 is the sum of % by mass of gypsum, hemihydrate, anhydrate, and arcanite 
 
4.1.3 Comparison of XRF and XRD Results 
Previous research indicates that cement compound composition can vary 
considerably depending on the quantification technique (Hewlett, Taylor). Table 4-3 
shows the mineralogical composition of all cements using Bogue equations and Rietveld 
analysis. The potential phases from XRF were calculated per the ASTM C150-09 while 
XRD is a direct quantification tool. Comparison of the two methods shows that Bogue 
calculations underestimate tricalcium silicates and overestimate dicalcium silicates. 
Additionally, tricalcium aluminate content appears to be similar using both techniques. 
This finding would then indicate that heat index requirements per ASTM C150 might not 
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correctly estimate the heat contribution of a particular cement as the specification does 
not implement a requirement of actual phase quantification procedure, but rather rely on 
potential phase content. 
Table 4-3: Summary of phase composition using Bogue and Rietveld 
Cement Phases Source AC02 AC03 LG01 LG03 
C3S (%) 
Bogue (CCL) 57 53 47 49 
Rietveld 61 62 57 59 
C2S (%) 
Bogue (CCL) 14 17 18 18 
Rietveld 13 14 13 13 
C3A (%) Bogue (CCL) 7 8 11 11 Rietveld 7 7 10 11 
C4AF (%) 
Bogue (CCL) 12 12 8 8 
Rietveld 12 13 6 6 
 
 
 In summary, features of significance based on mineralogy are as follows: AC03 
has the highest C3S while LG03 has the highest C3A. In addition, both AC cements have 
lower C3A content compared to the LG cements. 
4.1.4 Physical Characterization  
 Cement fineness has significant effect on its behavior especially during the early 
stages of hydration (Mindess et al. 2003). There are two basic measures of fineness: 
surface area (Blaine fineness used in this work) and particle size distribution (PSD). 
Blaine fineness which is an indirect measurement of total particle surface area was 
determined by air permeability apparatus according to ASTM C204-07. Duplicate runs 
were conducted on the as-received cements and the resulting averages are presented in 
Table 4-4. The results in Table 4-4 indicated that each set of cement had different 
fineness. The implication is for example, AC02 and AC03 have similar phase 
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composition, but their fineness is significantly different. The advantage of using cements 
of the same or similar mineralogical composition but different fineness will serve to 
isolate cement fineness effects on heat of hydration and strength measurements and 
ultimately activation energy. In addition, LG01 and AC02 are from two different cement 
production plants and have similar fineness; this will enable the assessment of the effect 
of cements phase composition on activation energy. The most prominent trends regarding 
the effect of fineness is that increasing cement fineness increases the rate of hydration 
(Maekawa et al.) and also increases the rate of strength gain. An alternative means of 
assessing cement fineness is through particle size distribution. According to 
Jillavenkatesa et al. (2001), particle size distribution (PSD) defines the relative amount of 
particles present in a material at different particle size. The results of PSD measurements 
for the as-received cements are reported in Table 4-4. Each data point represents the 
average of three runs. As discussed in §3-3, the PSD results are reported on volume basis. 
D50 is defined as the median size; that is, the size that splits the distribution with half 
above and half below this diameter.  
Table 4-4: Physical properties of as-received cements 
Physical Properties Cement ID AC02 AC03 LG01 LG03 
D10 (µm) 3.61 1.33 3.21 2.55 
D50 (µm) 10.45 8.23 10.78 9.08 
D90 (µm) 24.86 19.94 29.74 19.18 
Median size (µm) 10.45 8.23 10.78 9.08 
Mean particle size (MPS) [µm] 12.90 10.05 14.35 10.27 
Blaine fineness (m²/kg) 417 612 405 530 
 
As shown in Table 4-4, cements of lowest mean particle size, have as expected 
the highest Blaine fineness. Though the general trends of Blaine fineness and mean 
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particle size are consistent, LG01 and AC02 have similar Blaine fineness, but different 
MPS. Similarly, AC03 and LG03 have similar mean particle size, but different Blaine 
fineness. Nevertheless, the cements can be ordered with respect to their fineness as: 
AC03>LG03>AC02>LG01.  
 Altogether, XRD analysis provided direct characterization of the phases present in 
Portland cement and MPS is more sensitive in describing cement fineness. Chemical 
analysis and physical testing indicate that for each set of as-received cements, the cement 
pair had similar phase composition, but different fineness; hence, cements from the same 
plant can be used to study fineness role in cement hydration. Moreover, cements from 
different sources have similar physical characteristic but different mineralogy. The latter 
will be valuable in evaluating the effect of cement composition on its activation energy 
while maintaining fineness as a fixed parameter. 
4.2 Time of Setting Analysis 
 As explained in §3.6, the initial and final set of concrete defines loss of flow and 
the ability to sustain load, respectively (Mindess et al. 2003). Setting is often used to 
assess time for placement, compaction, finishing, or loading of concrete (Mehta & 
Monteiro 1993, Mindess et al.). For this study, the time of setting was determined to 
assess the effect of cement chemistry and physical properties on its performance. Also, 
the final setting time was used as an indicator for initiating strength measurements as per 
ASTM C1074 requirements. Time of setting was determined in accordance to ASTM 
C403-08 at three temperatures; namely, 23°C, 30°C and 40°C. The results are depicted in 
Figures 4-1 through 4-4. For each test, initial and final set are marked at 500 psi [3.5 
MPa] and at 4000 psi [27.6 MPa], respectively. Additionally, per ASTM C403, setting 
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times were directly calculated using linear interpolation from the log plot of penetration 
resistance in psi (MPa) versus elapse time in minutes. Duplicate runs were conducted on 
all cement mixtures. Results presented in Table 4-5 indicate that curing temperature is of 
significance on the setting behavior of Portland cements. For the same cement, increasing 
the curing temperature decreases the time of setting. For example, the final setting time 
decreased by almost half from 5.9 hours to 3.3 hours for AC02 cement as the temperature 
increases from 23 to 40°C. In general, increasing the temperature decreased the initial 
and final setting times for all cements studied here. 
 
Figure 4-1: Penetration resistance over time for AC02 at 3 temperatures 
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Figure 4-2: Penetration resistance over time for AC03 at 3 temperatures 
 
 
Figure 4-3: Penetration resistance over time for LG01 at 3 temperatures 
0.0
6.9
13.8
20.7
27.6
34.5
41.4
0
1000
2000
3000
4000
5000
6000
40 80 120 160 200 240 280 320 360 400
Pe
ne
tr
at
io
n 
R
es
is
ta
nc
e 
(P
si
) 
Elapsed Time (min) 
AC03-40C
AC03-30C
AC03-23C
Pe
ne
tr
at
io
n 
R
es
is
ta
nc
e 
(M
Pa
) 
Final Set 
Initial Set 
0.0
6.9
13.8
20.7
27.6
34.5
41.4
0
1000
2000
3000
4000
5000
6000
80 120 160 200 240 280 320 360 400
Pe
ne
tr
at
io
n 
R
es
is
ta
nc
e 
(P
si
) 
Elapsed Time (min) 
LG01-40C
LG01-30C
LG01-23C
Pe
ne
tr
at
io
n 
R
es
is
ta
nc
e 
(M
Pa
) 
Final Set 
Initial Set 
 74 
 
 
Figure 4-4: Penetration resistance over time for LG03 at 3 temperatures 
 
Table 4-5: Summary of initial and final set of as-received cements 
Cement 
Curing Temperature(°C) Initial Set Final Set 
(min) (Hour) (min) (Hour) 
AC02 
23 235 3.9 345 5.8 
30 170 2.8 240 4.0 
40 140 2.3 200 3.3 
AC03 
23 160 2.7 235 3.9 
30 135 2.3 180 3.0 
40 110 1.8 135 2.3 
LG01 
23 245 4.1 355 5.9 
30 190 3.2 270 4.5 
40 145 2.4 195 3.3 
LG03 
22 215 3.6 325 5.4 
30 150 2.5 220 3.7 
40 125 2.1 195 3.3 
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The effect of cement chemistry and fineness on time of setting is observed in the 
tabulated results (Table 4-5). To be precise, the effect of fineness was assessed using 
AC02 (405 m²/Kg) versus AC03 (612 m²/Kg) and LG01 (405 m²/Kg) versus LG03 (530 
m²/Kg) at 30°C. Indeed, as shown in Figure 4-5 and 4-6 and outlined in Table 4-5, the 
time to final set decreases with increasing fineness; the same trend is observed at all the 
experimental temperatures. The findings of this study are in agreement with the published 
literature (Mehta & Monteiro, Dodson 1994 and Mindess et al.), which indicates that 
increasing the fineness or reaction temperature of cement increases its rate of reaction 
and thereby decreases its initial and final setting times. 
 
 
Figure 4-5: Effect of fineness on AC cements at 30°C 
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Figure 4-6: Effect of fineness on LG cements at 30°C 
 
 
Figure 4-7: Effect of cement composition on time of setting at 30°C 
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In assessing the effects of cement mineral composition on its setting behavior, 
two cements of similar Blaine fineness but different mineralogical compositions were 
compared; that is AC02 and LG01. AC02 and LG01 are from two different plants and 
have Blaine values of 417 m2/ kg and 405 m2/ kg, respectively. Both have similar C2S 
amount, but AC02 has higher C3S while LG01 has higher SO3/ C3A ratio. As illustrated 
in Figure 4-7 and outline in Table 4-5, the time of setting was shorter for AC02 than 
LG01. The major difference between AC02 and LG01 is the amount of C3S and SO3/C3A 
ratio. Experimental data indicate that increasing C3S (about 4%) and decreasing SO3/C3A 
ratio decreases the setting time. Similar trends were observed at room temperature, but 
not at 40° C; the latter can be due to difficulty in maintaining constant room temperature 
of 40° C during data collection. In conclusion, concrete setting time appears to be 
affected by temperature, cement fineness, and cement mineralogical composition. In the 
sections to follow, compressive strength and heat of hydration data will be presented. The 
data are necessary for activation energy determination. 
4.3 Activation Energy Determination  
 Strength and heat of hydration measurements were conducted to identify the best 
method for activation energy determination and to assess the effect of cement properties 
on activation energy of Portland cements. Additionally, to evaluate variability as related 
to mixtures type, several mixtures of paste and mortar were examined. The next section 
covers the methods used to quantify Ea. 
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4.3.1 Strength–Based Activation Energy 
 The quantification of the activation energy based on strength measurements was 
conducted in accordance with ASTM C1074-04. Subsequently, Ea can be used in 
computing equivalent age, which allows prediction of compressive strength of a mix 
under different curing conditions. Strength gain data from at least three different curing 
temperatures are required for determining the activation energy. For this study data were 
collected for three different curing temperatures namely, 22°C, 30°C and 40°C. Figures 
4-8 through 4-11 show the average compressive strength at different ages and curing 
temperatures for each of the cements. In addition, Table 4-6 summarizes the compressive 
strength at 1, 3, 7, 14 and 28 days for all cements. As indicated in the table, for some of 
the ages the values were estimated using the hyperbolic function (Equation 4-2). 
 
Figure 4-8: Strength gain over time for AC02 at 3 curing temperatures 
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Figure 4-9: Strength gain over time for AC03 at 3 curing temperatures 
 
 
Figure 4-10: Strength gain over time for LG01 at 3 curing temperatures 
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Figure 4-11: Strength gain over time for LG03 at 3 curing temperatures 
 
Table 4-6: Summary of compressive strength at 1, 3, 7, 14 and 28 days 
Cement 
ID 
Temperature 
(°C) 
Compressive Strength (MPa)  
1Day 3Day 7Day 14Day 28Day 
AC02 
22.0 13.7* 27.4 35.4 39.4 42.5* 
30.0 20.1* 32.4 37.9 40.4 41.0* 
40.0 25.6* 24.5 37.7 39.6 40.2* 
AC03 
22.0 18.1 32.0 38.9 42.1 44.3* 
30.0 24.8 34.9 38.9 40.6 40.8* 
40.0 29.8 37.7 40.5 41.7 42.7* 
LG01 
22.0 13.9* 25.5 30.9 33.3 34.7 
30.0 19.3 27* 30.6 31.8 32.3 
40.0 22.7* 29.3 31.0 31.6 33.8* 
LG03 
22.0 19.2 28.8 32.5 33.9 34.6 
30.0 21.1 29.8 33.0 34.3 36.8* 
40.0 25.3 30.4 31.9 32.5 32.8 
* Notes these are the only measured compressive strength at that age, all others are 
predicted using the hyperbolic function (Equation 4-2) 
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The results indicate that an increase in the curing temperature is accompanied by 
an increase in early strength up to 7 days while decreasing the strength at longer ages. 
Such behavior is expected as lower curing temperatures allows the hydration reaction to 
occur at a lower rate which results in more uniformly distributed hydration products.  
As discussed in §2.3.1, ASTM recommends two maturity functions: equivalent 
age function and the Nurse-Saul maturity function. The basic approach for the latter is 
that increasing the curing temperature shifts the time of strength development to an 
earlier age. Previous research (Verbeck & Helmuth 1968, Schindler, 2002) indicates that 
this might not be necessarily true. Some concrete mixes showed a decrease in later age 
strength as curing temperature increases, resulting in the phenomena known as the 
“Cross-over effect” shown in Figure 4-1 through 4-4. The maturity concept infers that an 
increase in the curing temperature will only result in a horizontal shift in the time scale, 
but findings in the published literature and the collected data indicate that an additional 
vertical shift can also occur. This behavior is often cited as a shortcoming of the maturity 
function. 
4.3.1.1 Effect of Fineness on Strength Development 
 Cements with the same phase composition, but different Blaine fineness and MPS 
were used to evaluate the effect of fineness on strength development; that is, AC cements 
[AC02 (417 m²/kg), AC03 (612 m²/kg)] and LG cements [LG01 (405 m²/kg), LG03 (530 
m²/kg)]. Figure 4-12 and 4-13 depict the effect of increasing fineness on the rate of 
strength gain for the four cements; it can be observed that the rate of strength gain 
increases with fineness of a cement. Previous research (Taylor, Mindess et al., Hewlett, 
Mehta & Monteiro, Hooton et al.) supports this finding. The same trends were observed 
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at other curing temperature; that is, cements with higher fineness (AC03 and LG03) show 
higher strength gain (Mindess et al., Hooton et al.). It is to be noted that the fineness 
effect persists to an age of 28 days. 
 
Figure 4-12: Effect of fineness on strength development for AC cements at 40°C 
 
 
Figure 4-13: Effect of fineness on strength development for LG cements at 40°C 
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4.3.1.2 Effect of Cement Chemistry on Strength Development 
 Two cements of similar Blaine fineness but different mineralogical composition 
were used to evaluate the effect of cement chemistry on strength development. The 
Blaine fineness was 417 m2/ kg and 405 m2/ kg for cements AC02 and LG01 
respectively. It is worth reiterating that these cements were obtained from two different 
sources. Moreover, both have similar C2S amount, but AC02 has higher C3S and C4AF 
while LG has higher C3A content. 
 
Figure 4-14: Effect of cement chemistry on strength development at 30°C 
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more rapidly and had higher early strength. The results also show that C3A has minimal 
influence on strength. The literature indicates that the only contribution of tricalcium 
aluminate to strength is through its space filling effect. Additionally, it is well established 
that the primary phase responsible for early strength gain in Portland cement is tricalcium 
silicate, which is in agreement with the findings here. The effect appears to be persistent 
up to 28 days of hydration. Similar trends were observed at all curing temperatures 
studied here. 
4.3.1.3  Methods of Ea Quantification Based on Strength Measurements 
 The process of determining the activation energy based on strength measurements 
is outlined in Annex A1 of ASTM C1074-04. Several parameters are needed to quantify 
the activation energy. Currently, two functions are being used to determine those 
parameters; namely an exponential function presented in Equation 4-1 and proposed by 
Freiesleben Hansen and Pedersen (1977) and a hyperbolic function presented in Equation 
4-2 (Carino 1991, Carino & Tank 1992, Pinto & Schindler, Barnett et al., Ferraro, 
Schindler 2010, and Ishee): 
   𝑺 = 𝑺𝒖 𝒆−(𝝉𝒕)𝜷               Equation 4-1 
where  
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength (MPa) 
τ = Time constant (days) [1/k in the hyperbolic function] 
β = Curve shape parameters (dimensionless) 
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        𝑆 = 𝑆𝑢 𝑘(𝑡−𝑡0)1+𝑘(𝑡−𝑡0)    Equation 4-2 
where   
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength (MPa) 
k = Rate constant or rate of reaction (days-1) 
to = Age at which strength development is assumed to begin (days) 
 Parameters for both functions were determined using Solver of Microsoft Excel. 
Each function was fitted through the strength gain data at each curing temperature. The 
solver operates as to minimize the sum of the squares of the residuals to obtain the best fit 
for the collected data. The coefficient of correlation (R²), which is a statistical measure of 
how well the regression line approximates the real data points, was calculated for each 
function at each curing temperature. Montgomery (2005) indicates that R² value of 1.0 
implies that the regression line perfectly fits the data. The coefficient of correlation (R²) 
for cements studied here exceeded 0.97, which indicates a strong linear correlation 
between fitted functions and the actual strength data. Table 4-7 and 4-8 depicts the fitted 
parameters for the hyperbolic and exponential functions, respectively. Once the 
parameters were determined, the calculated strengths determined through each function 
were plotted along with the actual collected data points. Figures 4-15 through 4-17 show 
the actual data and the predicted values at each curing temperature for AC02 using both 
functions. The same graphical representation for the other cements can be found in 
Appendix D.  
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Figure 4-15: Functions fitting through strength gain data of AC02 at 22°C 
 
 
Figure 4-16: Functions fitting through strength gain data of AC02 at 30°C 
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Figure 4-17: Functions fitting through strength gain data of AC02 at 40°C 
 
Table 4-7: Summary of curves parameters using hyperbolic function 
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40 32.29 3.50 4.68 0.982 
LG03 
22 35.41 1.67 8.92 0.988 
30 35.69 1.83 5.00 0.974 
40 33.14 3.83 3.77 0.975 
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Table 4-8: Summary of curves parameters using exponential function 
Cement  Temperature (°C) Su (MPa) τ (hrs) ß R² 
AC02 
22 45.50 31.45 0.81 0.998 
30 42.70 17.69 0.93 0.998 
40 40.43 10.46 0.95 0.996 
AC03 
22 46.56 22.52 0.84 0.999 
30 42.79 12.06 0.88 0.988 
40 43.80 7.90 0.83 0.987 
LG01 
22 36.16 23.62 0.95 0.998 
30 32.41 14.42 1.21 0.992 
40 32.29 8.97 1.14 0.971 
LG03 
22 35.19 17.78 1.15 0.981 
30 36.72 13.03 0.87 0.973 
40 33.49 7.66 1.03 0.966 
 
Once the rate of reaction (k) and the time constant (τ) were calculated, the 
activation energy was determined using Arrhenius law. It is worth reiterating that the 
Arrhenius relation implies that the activation energy is independent of curing 
temperature; that is, when the natural logarithm of rate constants is plotted against the 
reciprocal of the curing temperatures (Kelvin) the relationship is a straight line. The slope 
of this line is the negative quotient of the universal gas constant R (8.3144 J/mol-K) and 
the activation energy Ea (kJ/ mol). This procedure was followed in quantifying Ea for all 
the cements. As seen in Figure 4-18 and 4-19, for both functions the natural logarithm of 
the rate constants (k) or (1/τ) were plotted against the reciprocal of the absolute curing 
temperature (T). The coefficient of correlation (R²) on the plots and in Table 4-9 indicates 
the likeliness to find strong linear correlation between rate constant and curing 
temperature for both functions in quantifying the activation energy. Please refer to 
Appendix D for similar figures for other as-received cements. 
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Figure 4-18: Arrhenius plot quantifying Ea per hyperbolic function on AC02 cubes 
 
 
Figure 4-19: Arrhenius plot quantifying Ea per exponential function on AC02 cubes 
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Table 4-9: Summary of strength-based activation energy 
 
Cement 
Ea-
Hyperbolic 
(kJ/mol) 
R² 
Ea-
Exponential 
(kJ/mol) 
R² 
Ea 
Difference 
(kJ/mol) 
AC02 52.4 0.996 46.8 0.995 5.6 
AC03 46.3 0.971 44.3 0.975 2.0 
LG01 57.5 0.978 41.2 0.997 16.3 
LG03 36.2 0.866 36.1 0.990 0.1 
 
Table 4-9 summarizes the activation energy values obtain through the maturity 
method using hyperbolic and exponential functions respectively. Ea values obtained using 
both functions are in agreement with what has been published in literature based on 
strength measurement of mortar cubes. Both functions appear to identify the effect of 
cement fineness on activation energy; that is, an increase in fineness was accompanied by 
a decrease in activation energy. In comparing AC and LG cements respectively, the 
results for both functions show that for cements with the same composition (AC02 versus 
AC03 and LG01 versus LG03) the higher the Blaine fineness or the lower mean particle 
size the lower the activation energy (Carino 1991). However, the distinction in the 
determined activation energy values for cements of different fineness and same 
mineralogy appears to be more pronounced when using the hyperbolic function; that is, a 
36.2-57.5 kJ/mol range for the hyperbolic function versus 36.1-46.8 kJ/mol for the 
exponential function.  
In addressing the effect of cement mineralogy on activation energy, comparison 
of activation energy of AC02 and LG01 (of similar Blaine fineness) reveals that 
increasing C3S and C4AF while maintaining similar SO3/C3A decreases the activation 
energy determined through using the hyperbolic function while the exponential function 
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indicates the opposite effect. Also, comparing AC03 and LG03 (similar MPS) reveals 
that increasing C3S, C4AF and SO3/C3A increases the activation energy determined 
through both functions. There can be several explanations that can be provided here for 
this possible contradiction. Previously, it was determined that MPS for AC02 and LG01 
was 12.90 and 14.35 respectively though their Blaine fineness, for all practical purposes, 
can be considered equal. Therefore comparing AC02 with LG01 might entail a 
contribution from fineness while they were selected to reveal mineralogy effect only 
while maintain particle size effect constant. Subsequently, it can be concluded that in 
addition to tricalcium silicate content, SO3/C3A ratio appears to affect the activation 
energy. While increasing tricalcium silicate for cements of similar sulfate to aluminate 
ratio appears to decrease activation energy using hyperbolic function, increasing 
tricalcium silicate and sulfate/aluminate ratio seems to increase activation energy 
determined through exponential function.  
Additionally, this study looks at the variation of the Ea based on the type of 
function used; that is, the variation between the exponential and hyperbolic functions on 
the same data. The results as outlined in Table 4.-9 show that the variation between the 
two functions is negligible except for LG01 cement. This latter may be the result of 
higher amount of C3A which is susceptible to conversion at higher curing temperature 
(Juenger et al. 2011) while the exponential function as indicated by Carino (1991) was 
not sensitive enough to the combined effect of time and temperature on strength 
development. 
 In short, this section presented quantification of activation energy based on 
strength measurements at 3 curing temperatures per ASTM C1074-04. Two functions 
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were used in determining activation energy and both showed acceptable fitting of the 
strength gain data at all temperatures. The hyperbolic function shows better correlation 
between the measured strength and predicted strength. Most important, the results 
indicate that cement fineness influences activation energy using both functions. The 
underlying trend is that an increase in fineness resulted in a decrease in activation energy 
when considering cements of similar composition. However, the effect of composition 
was not as conclusive since each function indicates the opposite effect of increasing C3S, 
C4AF and sulfate/aluminate ratio on Ea at the same time. Otherwise, considering only the 
hyperbolic function as presented in ASTM, the experimental results from as received 
cements indicate that the activation energy as pertaining to strength development 
decreases with increase in Blaine fineness or decrease in MPS as well as increase in the 
amount of phase composition such as C3S and C4AF. Also, the results indicate that 
increasing SO3/C3A ratio increases the activation energy.  
In the sections to follow, the viability of using isothermal calorimetric testing for 
Ea determination will be addressed. In addition to the compatibility of strength based and 
heat of hydration based Ea, the influence of mixtures type will be investigated as well. 
4.3.2 Activation Energy per Isothermal Calorimetry  
 Isothermal calorimetry testing was conducted for 7 days on both paste and mortar 
mixtures of as-received cements used in this study. The isothermal calorimetry concept 
relies on the mechanism of heat of hydration whereas the maturity depends on strength 
development. This part of the study addresses five critical points. First, assess the 
viability of the isothermal calorimetry in determining activation energy. Second, evaluate 
the variability of activation energy quantification methods based on heat of hydration. 
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Third, assess the effect of mixture type on Ea using heat of hydration from both pastes 
and mortars. Fourth, determine the effect of fineness and cement composition on 
activation energy and finally evaluate the equivalency of activation energy determined 
through strength and heat of hydration measurements.  
Portland cement hydration is quantified by the degree of hydration (α), which is a 
measure of fraction of cement that actually reacted with water expressed in terms of the 
total anhydrous cement. The value of α varies from 0 to 1, where α = 0 means that no 
reaction occurred and α = 1 indicates complete hydration (RILEM 42-CEA 1981). 
Equation 4-3 was used to estimate the degree of hydration (Poole et al., D'Aloia & 
Chanvillard, Kada-Benameur et al., Copeland et al.). It is taken as the ratio of the heat 
evolved at time t to the total amount of heat available on full hydration.  
                                                              α (t) = H(t)
𝐻𝑢
                  Equation 4-3 
where  
α (t) = The degree of hydration at time t 
H (t) = Heat evolved from time 0 to time t (J/gram) 
Hu = Total heat available for reaction (J/gram) 
The total heat available for reaction (Hu) is a function of cement composition, and 
the amount and type of supplementary cementing materials (Poole et al., Schindler & 
Folliard, 2005). It was estimated using the amount of phases determined through the 
Rietveld analysis from XRD using Equation 4-4. This equation is the algebraic sum of 
heat of hydration of each compound and was proposed by Bogue (1934). It was used to 
estimate the total amount of heat available for hydration for given cement and was 
subsequently used to estimate the degree of hydration (Schindler 2005, Poole et al., and 
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Ishee). Chemically bound water test conducted on selected cements had indicated that the 
methodology of using Equation 4-3 and 4-4 to estimate degree of hydration was accurate 
and more convenient than the chemically bound water technique (Van Breugel 1991 and 
Schindler 2002). The phase content in Equation 4-4 was quantified using Rietveld 
analysis conducted on all as-received cements. Rietveld analysis accounts for the actual 
amount of each phase and provides a better understanding of the influence of minerals on 
activation energy. 
  Hu = 500 PC3S + 260 PC2S+ 866 PC3A + 420 PC4AF +624 PSO3+ 1186 PFreeCaO + 850 PMgO 
          Equation 4-4 
where 
Hu = Total heat of hydration of Portland cement (J/gram) at α = 1.0 
P = Mass fraction of ith-component to total cement content 
4.3.2.1 Activation Energy Using Paste Mixtures 
 Isothermal calorimetric testing was performed on four paste mixtures for 7 days. 
Samples with water to cement ration of 0.5 were internally mixed as discussed in §3.5 to 
account for initial hydrolysis of the minerals. Duplicated test runs were performed on 
each mixture at three different isothermal temperatures (23°C, 30°C, and 40°C). Figures 
4-20 through 4-23 show the results for heat evolution at 3 curing temperatures for AC02, 
AC03, LG01, and LG03 respectively. Figures 4-24 through 4-27 show the total heat 
evolved which is the integration of heat flow versus time for the as-received cements at 
each curing temperature. The data illustrate the influence of curing temperature on the 
relationship between heat flow (power) or cumulative heat (energy) and time. The 
underlying trend is that the rate of total heat increases with increasing the temperature for 
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cements of higher fineness. For coarser cements, the total heat at 7 days appears to 
increase with increasing the temperature to 30°C; however, increasing the temperature to 
40°C did not increase the total heat but rather decreased it. Similarly, during early stages 
of hydration (from 2 hours to 10 hours) the total heat appears to increase at 40°C and 
beyond 18 hours the lower curing temperatures resulted in higher hydration rates. This is 
consistent with findings in the literature that cement paste exposed to elevated 
temperature would show increase in heat evolved at early ages but decelerate later on 
(Berhane 1983). Kjellen & Detwiller also indicated a difference in the nature the 
hydration process occurring at early ages than at later ages. This could be due to the 
controlling mechanisms during the early stages of hydration which are primarily 
chemical versus diffusion controlled mechanisms during the later stages of hydration 
which are typically less temperature sensitive. 
 
Figure 4-20: Heat flow versus time at 3 curing temperatures for AC02 paste 
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Figure 4-21: Heat flow versus time at 3 curing temperatures for AC03 paste 
 
 
Figure 4-22: Heat flow versus time at 3 curing temperatures for LG01 paste 
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Figure 4-23: Heat flow versus time at 3 curing temperatures for LG03 paste 
 
 
Figure 4-24: Cumulative heat over time for AC02 paste at 3 curing temperatures 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
0 2 4 6 8 10 12 14 16 18 20 22 24
H
ea
t F
lo
w
 (m
W
/g
) 
Paste Age (Hours) 
LG03 
23 °C
30 °C
40 °C
0
50
100
150
200
250
300
350
400
450
0 20 40 60 80 100 120 140 160 180
To
ta
l H
ea
t (
J/
g)
 
Paste Age (Hours) 
AC02 
23 °C
30 °C
40 °C
 98 
 
 
Figure 4-25: Cumulative heat over time for AC03 paste at 3 curing temperatures 
 
 
Figure 4-26: Cumulative heat over time for LG01 paste at 3 curing temperatures 
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Figure 4-27: Cumulative heat over time for LG03 paste at 3 curing temperatures 
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Figure 4-28: Effect of fineness on heat flow rate for AC cements at 30°C 
 
 
Figure 4-29: Effect of fineness on heat flow rate for LG cements at 30°C 
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Figure 4-30: Effect of fineness on cumulative heat of AC cements at 30°C 
 
 
Figure 4-31: Effect of fineness on cumulative heat of LG cements at 30°C 
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Figures 4-28 through 31 indicate that for the same mineralogical composition, 
increasing cement fineness increases the total heat of hydration at 1, 3, and 7 days. The 
effect of fineness is more prominent up to 12 hours of hydration, which is an indication 
of its influence on the rate of ionic dissolution (Hooton et al.). Moreover, Figure 4-30 and 
4-31 point out that the effect of fineness on total heat generated by the hydration of 
cements extends to a period of 7 days.  In the case of AC cements, the results indicate 
that an increase of 200 m2/kg in Blaine fineness was accompanied by an average increase 
of total heat of 44 J/g [10 cal/g], 38 J/g [9 cal/g], and 34 J/g [8cal/g] at 1, 3, and 7 days, 
respectively. For LG cements an increase of 100 m2/kg in Blaine fineness was 
accompanied by an average increase of 54 J/g [13 cal/g], 30 J/g [7 cal/g], and 24 J/g 
[6cal/g] at 1, 3, and 7 days respectively. In both cases, the increase in the total heat 
released due to increasing fineness appears to be slightly lower with increasing reaction 
time. 
Table 4-10: Summary of total heat evolved at 1, 3 and 7 days for paste mixtures 
Cement Temperature (°C) Total heat evolved (J/g) [cal/g] 1Day 3Day 7Day 
AC02 
23.0 206 [49] 296 [71] 348 [83] 
30.0 250 [60] 330 [79] 364 [87] 
40.0 275 [66] 332 [79] 355 [85] 
AC03 
23.0 251[60] 340 [81] 387 [92] 
30.0 289 [69] 362 [87] 392 [94] 
40.0 321 [77] 371 [89] 391 [93] 
LG01 
23.0 218 [52] 352 [84] 387 [93] 
30.0 282 [67] 359 [86] 380 [91] 
40.0 309 [74] 355 [85] 374 [89] 
LG03 
23.0 286 [68] 383 [92] 408 [97] 
30.0 325 [78] 380 [91] 393 [94] 
40.0 361 [86] 394 [94] 413 [99] 
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The results presented here indicate that, in general, an increase in Blaine fineness 
or a decrease in MPS is accompanied by an increase in the rate of heat of evolution and 
the total heat released and subsequently the degree of hydration. Previous research 
(Taylor, Mindess, Hewlett, Mehta, Hooton et al.) supports the current findings. However, 
the results of average change in heat generated per increase of Blaine fineness appear to 
imply that fineness alone may not be responsible for this change; that is, chemistry of 
cement may also explain the observed trends. 
4.3.2.1.2 Effect of Cement Chemistry on Heat of Hydration 
 Two cements of similar Blaine fineness with different mineralogical compositions 
were used to analyze the effect of cement chemistry on heat of hydration. The Blaine 
fineness is 417 m2/ kg and 405 m2/ kg for AC02 and LG01, respectively. It is worth 
reiterating that these cements were obtained from two different sources. Moreover, both 
have similar C2S amount, but AC02 has slightly higher C3S and C4AF while LG01 has 
higher SO3/C3A. Figure 4-32 which shows the heat evolution for LG01 and AC02 point 
out that LG01 exhibits a higher rate of heat flow than AC02; additionally, the main 
hydration peak occurs earlier for LG01 than AC02. As outlined in Table 4-10 and 
illustrated in Figure 4-33, LG01 generated more heat than AC02 at an average of 81 J/g 
[19 cal/g], 66 J/g [16 cal/g], and 49 J/g [12 cal/g] at 1, 3, and 7 days respectively.The 
difference between AC02 and LG01 is the amount of C3S, C3A, C4AF, and SO3/C3A 
ratio. As indicated in the literature the trend highlights the influence of C3A on heat of 
hydration. Most important, the experimental results indicate that the effect of increasing 
C3A (about 3%) was observed as early as the time of the initial contact of cement with 
water and persisted beyond an age of 1 day. The results also indicate that C3A is more 
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effective than C3S in increasing heat evolution. The same trends were evident at all 
curing temperature 
 
Figure 4-32: Effect of cement chemistry on 24hr heat evolution at 30°C 
 
 
Figure 4-33: Effect of cement chemistry on cumulative heat at 30°C 
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Poole (2004) indicated that heat of hydration at 3 days is affected by C3S and 
C3A. Furthermore, the effect of C3A on the heat of hydration was nearly 5 times that of 
C3S at 7 days. The present analysis of the selected cements seems to validate this 
conclusion. As mentioned previously, an increase in C3A by 3% and in spite of a 
decrease in C3S by 4%, the total heat at 7 days increased by an average of 49 J/g [12 
cal/g]. Nonetheless, previous research conducted on pure clinkers showed that C3A and 
C3S were responsible for heat evolution in cements (Taylor, Hewlett, and D'Aloia). Most 
recent, Juenger et al. conducted research on the behavior of C3A using high aluminates 
cement and found that the behavior of C3A is control by the presence of sulfates (SO3) 
and in fact generates a great amount of heat during the hydration process. 
 The results on heat of hydration indicate that both physical and chemical 
properties affect cement behavior. For cements of similar composition, the effect of 
fineness was eminent from initial hydrolysis to 7 days. For cements of similar Blaine 
fineness, the effect of mineralogical contents appears to be dominated by C3A content. In 
subsequent sections, the different analytical methods used to quantify the activation 
energy while assessing the influence of chemistry and composition will be presented. 
4.3.2.1.3 Slope Method on Paste 
 The rate of heat of evolution during the first 24 hours of hydration was examined 
in order to study the influence of temperature on kinetics of hydration. The linear portion 
of the heat of evolution curve, in the ascending portion of the main hydration peak, was 
used to determine the necessary parameters permitting the quantification of activation 
energy (Ma et al. 1994, Poole et al. 2007). The influence of temperature on rate of 
reaction, during the early stages of hydration, was assessed by using the slopes of the 
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ascending linear portion of the heat evolution curves as rate constants (k). These slopes 
were determined using least squares linear fit as shown in Figure 4-34. Table 4-11 
summarizes the slopes of the line connecting the lower (α_L) and the upper limit (α_h) of 
the estimated degree of hydration. These bounds were estimated using Equation 4-3. The 
determined R2 value indicates the correlation of the determined slopes (k) with the linear 
portion of the rate of heat flow curves. 
 
Figure 4-34: Linear fit of heat flow curve at 3 curing temperatures for AC02 paste 
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hydration (α_h) was 0.154. The results indicate that as the reaction temperature increases 
the time to reach the main peak decreases. Once slope parameters were determined, the 
natural logarithm of the rate constant k and the inverse of the curing temperature (°K) 
were plotted as shown in Figure 4-35. The slope of the line of best fit was used to 
calculate the activation energy 
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Table 4-11: Rates constant using slope method on paste mixtures 
Cement ID Temperature (°C) α_L α_h t(αH) (hrs) k R² 
AC02 
23 0.035 0.119 7.25 0.577 1.00 
30 0.033 0.117 5.64 1.257 0.99 
40 0.020 0.104 4.06 3.096 0.99 
AC03 
23 0.055 0.125 5.11 0.853 1.00 
30 0.053 0.123 4.39 1.962 1.00 
40 0.040 0.110 3.61 5.200 1.00 
LG01 
23 0.050 0.120 6.99 0.599 0.99 
30 0.045 0.115 5.20 1.264 1.00 
40 0.032 0.115 4.78 3.096 1.00 
LG03 
23 0.080 0.150 6.72 0.777 1.00 
30 0.070 0.154 5.31 1.693 1.00 
40 0.045 0.129 4.31 3.688 1.00 
 
 
 
Figure 4-35: Arrhenius plot quantifying Ea per slope method on paste 
 
Table 4-12: Activation energy using the slope method on paste 
Cement ID AC02 AC03 LG01 LG03 
Ea (kJ/mol) 77.9 75.2 74.2 69.7 
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The values reported in Table 4-12 are the average of Ea quantified on duplicated 
runs of heat of hydration measurements. The results indicated that the activation energy 
decreases with an increase in fineness or decrease in MPS when comparing AC02 versus 
AC03 and LG01 versus LG03, respectively. On the other hand, Ea decreases with 
increasing C3A for cements of the same MPS (AC03 and LG03). The effect of increasing 
tricalcium aluminate content on decreasing the activation energy appears to overshadow 
the effect of tricalcium silicate content for similar percentage change. Comparing AC02 
with LG01, the two cements have similar fineness but different MPS (12.9 and 14.35 
respectively). LG01 has 3% higher C3A but 4% lower C3S and its mean particle size is 
coarser than AC02. Though the differences in the phase content of those two cements 
were observed in the two phases that dominate heat generation in Portland cement, it is 
believed that for similar changes in C3S and C3A content and for cements of the same 
Blaine fineness, the activation energy value was dominated by tricalcium aluminate 
content. This opinion is supported by the data published in the literature by D'Aloia & 
Chanvillard 2002, Schindler 2002, and Poole 2007 
Comparison of the trends observed using the slope method on heat of hydration 
measurements with the strength measurements and exponential function analysis 
indicates that both techniques are rendering the same trends with respect to activation 
energy dependence on the mineralogy and fineness. Both approaches indicate that 
increasing cement fineness and/or tricalcium aluminate content decreases the reported 
activation energy. 
The Ea values reported here using the slope method are relatively higher than Ea 
value of 34.5 kJ/mol reported by Poole et al. for Type I cement using the same analytical 
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method. This discrepancy can be attributed to inconsistency in relating the slopes and the 
Arrhenius equation; that is, there is no established standard for locating lower and upper 
bound that can be used to determine the slopes. In addition, the value reported by Poole et 
al. was reduced by a factor of 2.303, which is the conversion factor from logarithm to 
natural logarithm. The point is made here because while natural log versus inverse of 
temperature was shown (Poole et al., p307-308), the actual value was taken as log of the 
rates constant resulting in a lower slope, thus rendering a lower activation energy value. 
Furthermore, high values obtained from this study may reflect the combined effect of 
temperature, fineness, and the predominance of C3S and C3A on the reaction rates at the 
early ages. One major problem with this method is its subjectivity. In fact, only the 
accelerating portion of the rate of heat curves were considered and as showed in Table 4-
11 the corresponding maximum degree of hydration reached was less that 20%. Findings 
in the literature indicate that the hydration process is chemically controlled at this degree 
of hydration and the time interval considered (Verbeck and Foster, Lerch and Bogue, 
Taylor, and Hewlett); therefore, Ea values from the slope method does not necessarily 
reflect the complete characteristic profile of a cementitious mixture hydration process. 
4.3.2.1.4 Modified ASTM C1074 on Paste 
The modified ASTM C1074 method proposed by Poole et al. (2007) was also 
used to quantify activation energy based on heat of hydration measurements. The method 
follows the same procedures outlined in ASTM C1074 except the data for strength is 
replaced by isothermal calorimetric data. The method relies on the concept of degree of 
hydration. As mentioned previously, the degree of hydration α was estimated using 
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Equation 4-3 and 4-4. Graphical presentations of the estimated degree of hydration for all 
as received cements are shown in Figure 4-36 through 4-39. 
 
Figure 4-36: Estimated degree of hydration at 3 curing temperatures for AC02 paste 
 
 
Figure 4-37: Estimated degree of hydration at 3 curing temperatures for AC03 paste 
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Figure 4-38: Estimated degree of hydration at 3 curing temperatures for LG01 paste 
 
 
Figure 4-39: Estimated degree of hydration at 3 curing temperatures for LG03 paste 
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The modified ASTM C1074 uses the rate constants determined from the change 
in the degree of hydration over time. Equation 4-5 (Schindler 2002, Ferraro 2009, and 
Ishee 2011) which is an exponential function was used to characterize the cement 
hydration (Poole et al.). 
                          α (t) = αu 𝑒−(𝜏𝑡)𝛽          Equation 4-5 
where  
α (t) = degree of hydration at age t 
αu = Ultimate degree of hydration 
τ = Hydration time parameter (hours) 
t = Elapsed time since cement-water interaction (hours) 
β = Curve shape parameter 
Poole et al. fitted Equation 4-5 through degree of hydration data at each 
temperature by solving for αu, τ, and β using a least squares fit. The values αu and β were 
presumed independent of the curing temperature. Once these parameters were 
determined, ln (τ) versus 1/T (°K) was plotted and Ea was quantified as the product of the 
slope of the best-fit straight line and the negative of the natural gas constant R. 
In Equation 4-5, the value of 1/τ is the rate constant (k) (Carino 1991). The shape 
parameter β affects the slope of the curve during the acceleration period and the rate at 
which hydration approaches ultimate degree of hydration αu. The relationship is 
analogous to the exponential function (Equation 4-1) used for strength development. 
Similarly, the ultimate degree of hydration (αu) is the asymptotic value of the degree of 
hydration for exponential function that is fitting the heat of hydration data (Poole et al., 
Carino). In addition to what has been presented in the literature, this study evaluates the 
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significance of the ultimate degree of hydration (αu). As a result, two modifications were 
made to the fitting of the exponential equation through the estimated degree of hydration 
data. The first modification allowed all parameters to vary (Case I). Secondly, the 
ultimate degree of hydration was held constant in reasoning that regardless of the 
temperature, for a given water to cement ratio, mixtures will attain the same ultimate 
degree of hydration (Case II) (Mills 1966, Lin & Meyer 2009). 
The Solver function of Microsoft Excel was used to minimize the sum of the 
squares of the residuals to obtain solutions of the best fit for the collected data. Figure 4-
40 and 4-42 show the predicted degree of hydration (curve) as compared to the estimated 
degree of hydration (scatters) using Equation 4-5 for each modification (I and II) 
respectively on AC02. Results on all as-received cements are tabulated in Table 4-13 and 
4-14. The R2 values in both tables indicate that in both cases there was good correlation 
between the predicted and estimated degree of hydration. The best-fit parameters were 
then used to quantify the activation energy for each case. This was done by plotting the 
natural logarithm of the rate constant versus the inverse of the curing temperatures, 
Figure 4-41 and 4-43. It is worth noting that in both cases the ultimate degree of 
hydration (αu) was restricted such that it never exceeds one (1.0). This was done to 
account for “complete hydration” which is the limiting condition of the hydration of 
cement compounds in mortars and concretes that can never be exceeded (Lerch & Bogue 
1934, Mills 1966, Lin & Meyer 2009).  
The experimental results (Table 4-14) indicate that the ultimate degree of 
hydration appears to be influenced by cement chemistry and fineness. For instance, 
comparing AC02 versus AC03, the value of αu was 0.825 and 0.868 respectively and αu 
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was 0.829 and 0.844 for LG01 and LG03 respectively; namely, increase in Blaine 
fineness or decrease in MPS increases the ultimate degree of hydration. The effect of 
composition appears to be less significant when comparing AC02 and LG01 (same 
Blaine value but different MPS) with αu value of 0.825 and 0.829. On the other hand, αu 
decreases from 0.868 to 0.844 with increase in C3A for cements of same MPS (AC03 and 
LG03). The effect of increasing tricalcium aluminate content on decreasing the ultimate 
degree of hydration appears to overshadow the effect of tricalcium silicate content for 
similar percentage change considering LG01 and LG03 have 4% lower C3S, but 3% and 
4% higher C3A content, respectively. 
 
Figure 4-40: Estimated and predicted degree of hydration for AC02 paste at 3 
curing temperatures with varying αu and β (case I)  
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Table 4-13: Total heat curves parameters with varying αu and β (case I) on paste 
Cement Temperature (°C) αu τ β R² 
AC02 
23 0.864 15.28 0.807 1.000 
30 0.849 10.67 0.925 1.000 
40 0.789 7.13 1.042 1.000 
AC03 
23 0.930 11.67 0.771 1.000 
30 0.880 8.31 0.939 1.000 
40 0.841 5.96 1.139 1.000 
LG01 
23 0.901 15.38 1.008 1.000 
30 0.822 9.82 1.257 1.000 
40 0.790 7.92 1.395 1.000 
LG03 
23 0.874 11.06 1.207 0.999 
30 0.820 7.77 1.398 0.999 
40 0.842 6.27 1.541 0.999 
 
 
 
Figure 4-41: Arrhenius plot quantifying Ea per modified ASTM on AC02 paste (case 
I) 
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Figure 4-42: Estimated and predicted degree of hydration for AC02 paste at 3 
curing temperatures with αu held constant (case II)  
 
Table 4-14: Total heat curves parameters with αu held constant (case II) on paste 
 
Cement Temperature (°C) αu τ β R² 
AC02 
23 0.825 14.60 0.905 0.999 
30 0.825 10.50 1.018 1.000 
40 0.825 7.15 0.867 0.999 
AC03 
23 0.868 11.05 0.936 0.999 
30 0.868 8.28 0.990 1.000 
40 0.868 5.88 0.969 0.999 
LG01 
23 0.829 14.76 1.322 0.999 
30 0.829 9.80 1.208 1.000 
40 0.829 7.74 1.076 0.999 
LG03 
23 0.844 11.07 1.406 0.999 
30 0.844 7.63 1.187 0.999 
40 0.844 6.26 1.521 0.999 
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Figure 4-43: Arrhenius plot quantifying Ea per modified ASTM on AC02 paste (case 
II) 
 
Table 4-15: Summary of Ea using isothermal calorimetry on paste 
Cement ID 
Activation energy (kJ/mol)-Paste 
Slope method Modified ASTM C1074 
Case I Case II 
AC02 77.9 35.0 32.7 
AC03 75.2 32.2 30.9 
LG01 74.2 29.8 28.8 
LG03 69.7 25.1 25.2 
 
 
The activation energy values for paste mixtures using isothermal calorimetry are 
outlined in Table 4-15. The same process was conducted on duplicated specimens; the Ea 
reported here is the average of these results. Additional raw data on each paste mixture 
are presented in Appendix B. The Ea obtained from heat of hydration using modified 
ASTM method are in agreement with values reported in the literature (Poole et al., Ishee). 
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Consequently, results from both modifications to the exponential function are similar. 
The trend (higher fineness results in lower activation energy per cement of similar 
composition) is consistent when the ultimate degree of hydration is held constant (Case 
II) or when curve parameters [αu, β] were allowed to vary (Case I). This is in agreement 
with previous observation made on the influence of the fineness and cement chemistry. In 
other word, in both cases the activation energy decreases with increasing fineness or C3A 
content. 
 In summary, analysis of the heat of hydration data seems to indicate that fineness 
and cement chemistry not only affect the rate of heat flow and cumulative heat evolved, 
but they also influence activation energy. Indeed, increasing Blaine fineness/decreasing 
MPS or increasing C3A content all have the same effect; that is, based on heat of 
hydration measurements, these properties are responsible for the observed decrease in 
activation energy. Overall, the trends were consistent using both analytical techniques: 
linear slope and the modified ASTM methods. However, Ea values obtained during first 
12 hours of hydration using the slope method are consistently higher. In the section to 
follow, the following questions will be addressed: 
1) Will mixtures type significantly affect Ea? 
2) Are strength based Ea and heat of hydration based Ea compatible? 
4.3.2.2 Activation Energy Using Mortar Mixtures 
Isothermal calorimetric testing was conducted on four mortar mixtures for 7 days 
at curing temperatures of 22°C, 30°C, and 40°C to investigate the influence of mixture 
type on activation energy. In addition, isothermal test were conducted on mortar to 
investigate the equivalency of the Ea from strength and heat of hydration measurements. 
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As discussed in §3.5 samples were hand mixed for 2 minutes to achieve homogeneity and 
mortar was immediately fitted into a 20 ml glass container and lowered into the 
calorimeter. Mortar mixtures were prepared using external mixing procedures. This latter 
was selected over internal mixing to obtain homogeneous sample size as the ampoule 
mechanism was not adequate to mix mortar. At higher temperatures, the components of 
the mixtures were left in isothermal oven overnight at the required temperature to be as 
close as possible to the calorimeter's temperature and minimize system disturbance. A 
water to cement ratio of 0.485 was used along with a sand to cement ratio of 2.75 to 
reflect the proportion used in making mortar cubes for strength determination. This was 
done primarily to evaluate the compatibility of activation energy based on strength and 
heat of hydration data. Also, Ea values from mortar will be compared to paste mixtures to 
assess the influence of mixture type. 
In an effort to minimize any discrepancy, the first two hours of hydration was 
excluded from both data sets. This time was chosen to exclude any data that would 
indicate instability in the calorimetry due to minor difference in sample temperature and 
the calorimeter especially for external mixing. Measurements of heat of hydration were 
completed in duplicate runs to ensure the precision of results. Subsequently, the same 
channels were used for the same mixtures at each temperature. In the subsequent 
sections, Ea values determined through different analytical approaches will be presented 
following the same approaches used on pastes mixtures. Figures 4-44 through 4-46 show 
the rate of heat flow, total heat, and estimated degree of hydration for mortar mixtures of 
AC02 cement. The raw data for all mixtures are presented in Appendix C. 
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Figure 4-44: Heat flow over time at 3 curing temperatures for AC02 mortar 
 
 
Figure 4-45: Cumulative heat for AC02 mortar 
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Figure 4-46: Estimated degree of hydration for mortar 
 
4.3.2.2.1 Slope Method on Mortar Mixtures 
Table 4-16 shows the parameters used for quantifying the Ea using the slope 
method on mortar mixtures. The slopes of the lines (shown in Figure 4-47) connecting 
the lower (α_L) and the upper limit (α_h) of the estimated degree of hydration are 
equated to the rate constants (k). The natural logarithms of rate constants are then plotted 
against the inverse of curing temperatures to quantify the activation energy presented in 
Table 4-17, just as done previously on paste mixtures. The results for mortar mixtures 
depict the same trends previously observed for paste mixtures. The activation energy 
decreases with increasing cement fineness for both LG and AC cements. In regards to the 
influence of composition, Ea decreases with increasing C3A content as can be observed in 
the comparing AC02 and LG01 or AC03 with LG03. 
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Figure 4-47: Linear fit of heat flow curve at 3 curing temperatures for AC02 mortar 
 
Table 4-16: Slope parameters for mortar mixtures per slope method 
 
Cement Temperature (°C) α_L α_h 
t(α_h) 
(hrs) k R² 
AC02 
22 0.001 0.091 7.71 0.544 0.994 
30 0.003 0.063 4.80 1.539 0.998 
40 0.001 0.061 3.51 4.481 0.997 
AC03 
22 0.001 0.091 6.53 0.804 0.995 
30 0.003 0.063 4.20 2.249 0.999 
40 0.001 0.061 3.17 6.382 0.999 
LG01 
22 0.002 0.086 7.92 0.480 0.994 
30 0.005 0.061 4.86 1.463 0.997 
40 0.005 0.061 4.01 3.797 0.994 
LG03 
22 0.001 0.085 6.75 0.717 0.995 
30 0.003 0.073 4.41 2.040 0.997 
40 0.004 0.088 4.23 4.347 0.995 
 
Table 4-17: Ea values on mortar mixtures using the slope method 
Cement ID AC02 AC03 LG01 LG03 
Ea (kJ/mol) 77.8 82.7 66.7 72.8 
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4.3.2.2.2 Modified ASTM C1074 on Mortar Mixtures 
 The procedures outlined in § 4.3.2.1.4 for determining the activation energy of 
paste mixtures using modified ASTM C1074 were adopted here in determining the Ea on 
mortar mixtures. Figure 4-48 through 4-51 show examples of the predicted degree of 
hydration as compared to the estimated degree of hydration using both modification of 
Equation 4-5; similar graphs can be found in Appendix C for all other mortar mixtures. 
Table 4-18 and 4-19 present the best fitted parameters for the four cements studied here. 
Once these parameters were determined, the logarithms of rate constant were plotted 
against the reciprocal of the corresponding absolute temperature to form Arrhenius plots 
permitting Ea quantification.  
 
Figure 4-48: Predicted and estimated degree of hydration on AC02 mortar with 
varying αu and β (case I) 
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Table 4-18: Ea for mortar mixtures per modified ASTM varying αu and β (case I) 
 
Cement Temperature (°C) αu τ β R² 
AC02 
22 0.813 17.15 0.842 1.000 
30 0.771 10.80 0.923 1.000 
40 0.769 6.88 1.054 1.000 
AC03 
22 0.806 13.75 0.930 1.000 
30 0.765 8.91 1.015 1.000 
40 0.761 5.87 1.095 1.000 
LG01 
22 0.729 15.97 1.181 1.000 
30 0.695 9.77 1.404 1.000 
40 0.721 7.14 1.494 1.000 
LG03 
22 0.728 11.76 1.412 1.000 
30 0.698 7.44 1.469 1.000 
40 0.741 6.23 1.540 0.999 
 
 
 
Figure 4-49: Arrhenius plot quantifying Ea per modified ASTM method on AC02 
mortar (case I) 
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Figure 4-50: Predicted and estimated degree of hydration on AC02 mortar with αu 
held constant (case II) 
 
Table 4-19: Ea for mortar mixtures per modified ASTM with αu held constant (case 
II) 
 
Cement Temperature (°C) αu τ β R² 
AC02 
22 0.776 16.33 0.943 1.000 
30 0.776 10.84 0.907 1.000 
40 0.776 6.89 1.013 1.000 
AC03 
22 0.771 13.30 1.060 1.000 
30 0.771 8.93 0.987 1.000 
40 0.771 5.84 1.023 1.000 
LG01 
22 0.715 15.83 1.259 1.000 
30 0.715 9.74 1.219 1.000 
40 0.715 7.16 1.566 1.000 
LG03 
22 0.729 11.76 1.406 0.999 
30 0.729 7.29 1.143 0.999 
40 0.729 6.28 1.717 0.999 
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Figure 4-51: Arrhenius plot quantifying Ea per modified ASTM method on AC02 
mortar (case II) 
 
Table 4-20: Summary of Ea using isothermal calorimetry on mortar 
Cement ID 
Activation energy (kJ/mol)-Mortar 
Slope method Modified ASTM C1074 
 Case I Case II 
AC02 83.7 38.2 36.0 
AC03 84.4 35.9 34.6 
LG01 82.9 36.2 35.6 
LG03 76.8 30.5 30.1 
 
Table 4-20 summarizes the activation energy values for mortar mixtures using 
isothermal calorimetry. Values reported here are averages of Ea obtained from duplicated 
tests. The results for the slope method are higher than values reported for the same 
method while Ea values from the modified ASTM are in agreement with values reported 
in the literature. The trend (lower fineness or higher MPS results in lower activation 
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energy) is consistent when the ultimate degree of hydration is held constant (Case II) or 
when curve parameters [αu, β] were allowed to vary (Case I). This is in agreement with 
previous observation made on the influence of the fineness and cement chemistry. In 
addition, comparing AC02 and LG01 (similar Blaine value, but different MPS), case II 
was not as sensitive to the effect of composition since the Ea values were identical. On 
the other hand, Ea decreases with increasing C3A for cements of the same MPS (AC03 
and LG03). Comparable to paste mixtures, the effect of increasing C3A content on 
decreasing Ea, appears to overshadow the effect of C3S content for the same percentage 
change (LG03 has 4% higher C3A but 4% lower C3S). 
In the next section, further analysis will be conducted to evaluate the effect of 
mixture type and compatibility of the activation energy obtained from heat of hydration 
and strength measurements. 
4.4 Effect of Mixture Type on Heat of Hydration-Based Ea 
 Isothermal calorimeter testing and analysis on mixtures of paste and mortar were 
conducted to evaluate potential variation of Ea based on mixtures type. This was done by 
comparing the total heat evolved of each mixture type for each of the four cements 
studied here. Figures 4-52 through 4-57 show the influence of mixture type at each curing 
temperature. It was noted that w/c for paste was 0.5 comparing to 0.485 for mortar and 
that the first two hours of heat of hydration was excluded from both data sets to account 
for any instability due to external mixing of mortar mixtures. Furthermore, for both data 
sets, the heat flow and the total heat are reported per gram of dry cements. Therefore, any 
discrepancy in heat flow or total heat values for the same cement will be primary due to 
change in water to cement ratio. The experimental results indicate that for AC cements 
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the total heat evolved is the same for both pastes and mortar at room temperatures. At 
higher temperatures both mixtures showed different total heat beyond 20 hours. For the 
LG cements the trends are more complex. The results show that the total heat of paste 
mixture is significantly higher beyond 24 hours at all temperatures. The observed trends 
are in agreement with published literature on the effect of water to cement ratio on heat of 
hydration for the same cement contents (Kosmatka & Farny 1997; Poole 2007). 
In general, for AC02 and AC03 cements, the total heat for low fineness does not 
show significant difference. However, for the higher fineness cement, the nature of the 
mixture used appears to be of significance. The effect is more pronounced at higher 
temperatures as can be seen from comparing AC03 paste and AC03 mortar in Figure 4-52 
and 5-54. For LG cements, mixture type has significant impact on total hydration heat for 
all temperatures. Noting that the main mineralogical difference between AC and LG 
cements is in the C3A content, it can be concluded that higher fineness and C3A content 
of cement has significant effect on total heat generated by a given type of cement 
irrespective of temperature of testing. Furthermore, mixture type becomes more critical 
as fineness and C3A content increase. Fineness seems to influence both paste and mortar 
mixtures. Higher fineness cement (AC03, LG03) generated more heat at all 3 curing 
temperatures by comparison to AC02 and LG01 respectively. 
As it was done previously for paste and mortar mixtures, cement chemistry was 
assessed on mixture type using LG01 and AC02 which have similar fineness, but 
different mineralogical composition. As shown in Figure 4-58 both mixtures generated 
the same amount of heat during the first 20 to 24 hours then diverged at longer hydration 
time. 
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Figure 4-52: Total heat curves for paste and mortar mixtures of AC cements at 
room temperature 
 
 
Figure 4-53: Total heat curves for paste and mortar mixtures of AC cements at 30°C 
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Figure 4-54: Total heat curves for paste and mortar mixtures of AC cements at 40°C 
 
 
 
Figure 4-55: Total heat curves for paste and mortar mixtures of LG cements at 
room temperature 
0
50
100
150
200
250
300
350
400
0 20 40 60 80 100 120 140 160 180
To
ta
l H
ea
t  
(J
/g
) 
Time (Hour) 
AC02HH40CMOR
AC02HH40CPASTE
AC03HH40CMOR
AC03HH40CPASTE
0
50
100
150
200
250
300
350
400
450
0 20 40 60 80 100 120 140 160 180
To
ta
l H
ea
t (
 J
/g
) 
Time (Hours) 
LG01HH22CMOR
LG01HH23CPASTE
LG03HH22CMOR
LG03HH23CPASTE
 131 
 
 
Figure 4-56: Total heat curves for paste and mortar mixtures of LG cements at 
30°C 
 
 
 
Figure 4-57: Total heat curves for paste and mortar mixtures of LG cement at 40°C 
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Figure 4-58: Effect of cement chemistry on paste and mortar at room temperature 
 
As indicated in Figure 4-58, in the case of LG01 which has higher C3A amount, 
both mixtures generated more heat. This observation is in agreement to the behavior of 
C3A as related to heat of hydration (Poole). On the other hand, the paste mixtures appear 
to be more sensitive to cement chemistry than mortar mixtures. Subsequently, the 
activation energy was quantified for each mixture type using isothermal temperatures as 
discussed earlier; namely: 23, 30, and 40°C. Furthermore, the methods and procedures 
that have been describes in §4.3.2.1 were followed.  
In short, Table 4-21 summarizes the activation energy values obtained from 
isothermal calorimetric testing on paste and mortar mixtures using the methods described 
in the literature. Most important, the Ea values reported here are based on heat of 
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Table 4-21: Summary of activation energy values based on isothermal calorimetry 
Method Mixture /Cement ID Activation energy (kJ/mol) AC02 AC03 LG01 LG03 
Slope 
method 
Paste 77.8 82.7 66.7 72.8 
Mortar 83.7 84.4 82.9 76.8 
Modified 
ASTM 
C1074 
Case I-paste 36.2 34.0 32.0 28.3 
Case I-mortar 38.2 35.9 36.2 30.5 
Case II-paste 34.6 33.0 30.8 28.0 
Case II-mortar 36.0 34.6 35.6 30.1 
 
 Overall, the experimental results from paste and mortar mixtures indicate the 
following: 
1) Ea value is lower for paste mixtures than mortar for all methods used in this study. 
2) For both types of mixture, Ea values obtained during the first 12 hours of hydration 
using the slope method are consistently high. 
3) For the modified ASTM C1074, Ea obtained from both paste and mortar mixture are 
comparable, that is testing on either mixture will provide similar values. 
4) For both mixture types, the trend (lower fineness or higher MPS results in lower 
activation energy) is consistent when the ultimate degree of hydration is held constant 
(Case II) or when curve parameters [αu, β] were allowed to vary (Case I). 
5) Comparing AC02 and LG01 (similar Blaine value, but different MPS) and AC03 and 
LG03 (same MPS) it can be observed that paste mixtures were more sensitive to the 
effect of composition. Nevertheless in both cases, Ea decreases with increasing C3A 
and this latter appears to surpass the effect of C3S content for same percentage 
change. 
6) Analysis of (AC02 and LG01) versus (AC03 and LG03), mixture type is more critical 
as fineness and SO3/C3A content of cement increase 
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4.5 Effect of Time on Strength-Based Ea 
 Maturity relies on the coupled effect of time and temperature. Previous research 
(Schindler, Poole et al. and Carino) indicated that the activation energy is independent of 
temperature (premise of the Arrhenius law); nonetheless, the effect of specimen age has 
not been thoroughly studied. The same data pool was used, that is, the strength data at 
three curing temperatures of 22, 30 and 40°C was used. Moreover, the same procedures 
outlined in § 4.3.1.3 were followed to quantify the activation energy at eight days (8D). 
The results as reported in Table 4-22, are based on mortar strength testing from 5 hours 
up to 8 days. Due to limited data points, in case of AC03, 8 days strength used for Ea 
quantification was estimated using the hyperbolic function (Equation 4-2) containing 
previously determined curve parameters (Su, k, and to ) from 28 days strength 
measurements. 
Table 4-22: Summary of activation energy values based on strength 
Cement ID Mixture Type Method Ea(kJ/mol) 
AC02 
Strength 28D-mortar 
ASTM C1074-Hyperbolic 
52.5 
AC03 46.3 
LG01 57.5 
LG03 36.2 
AC02 
Strength 8D-mortar 
49.7 
AC03 49.5 
LG01 63.2 
LG03 37.2 
AC02 
Strength 28D-mortar 
ASTM C1074-Exponential 
46.8 
AC03 44.3 
LG01 41.2 
LG03 36.1 
AC02 
Strength 8D-mortar 
44.9 
AC03 44.2 
LG01 40.7 
LG03 35.9 
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The experimental results as summarized in Table 4-22 show that the activation 
energy determined using up to 8 day strength data appears to be similar to that 
determined based on 28 day data collection. This is significant as it shows that Ea 
determination made on 8 days strength gain can be successfully used in lieu of 28 days. 
This would not only save time on laborious testing, but will yield faster results. In 
comparing LG01 and LG03, the effect of fineness on Ea was prominent at all ages for 
both functions. In comparing AC02 and AC03, the effect fineness on Ea appears to be 
less significant at 8 days. Similarly, for LG03 and AC03 (same MPS), the effect of 
chemistry expressed as higher SO3/C3A (0.57) and C3S (4%) for AC03 results in higher 
activation energy for both functions at 8 days and 28 days. By contrast, when considering 
AC02 and LG01 (same Blaine value but different MPS), an increase in SO3/C3A (0.48) 
and decrease in C3S (4%) for LG01 increases activation energy when the hyperbolic 
function was used while decreases when the exponential function was used. Given the 
extent of the influence of C3S on strength development, it was expected that effect of 
increasing C3S would be seen through the strength based activation energy but it seems 
that 4% increase was not effective for such evaluation. In general, the effect of increasing 
tricalcium aluminate content on decreasing activation energy appears to surpass the effect 
of tricalcium silicate content for similar percentage change. 
4.6  Compatibility of Strength-Based and Heat of Hydration-Based Ea  
 There is a growing interest in using heat of hydration to quantify the activation 
energy and the question has been whether this Ea is compatible with values obtained from 
strength. This section presents the response to the proposed question through comparing 
activation energy values determined from 7 days heat of hydration measurements on 
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mortar mixtures and those determined through strength measurement on mortar cubes. It 
is to be noted that the same mix proportions were used for both mortar mixtures. In 
addition, Ea was determined using compressive strength relatively close to 7 days heat of 
hydration test for better comparison. The results are summarized in Table 4-23 for each 
sample type and method, respectively. 
Table 4-23: Ea based on 8 days cubes strength and 7 days HOH of mortar 
Cement 
ID 
Activation energy (kJ/mol) 
8 days mortar cubes-strength Modified ASTM on 7 days heat of hydration 
Hyperbolic Exponential Case I-Mortar Case II-Mortar 
AC02 49.7 44.9 38.2 36.0 
AC03 49.5 44.2 35.9 34.6 
LG01 63.2 40.7 36.2 35.6 
LG03 37.2 35.9 30.5 30.1 
 
In brief, the activation energy values determined through strength measurement 
are higher than those obtained from heat of hydration of mortar mixtures. However, Ea 
values measured from strength using the exponential function are closer to those of 
mortar and the effect of fineness and chemistry follow the same trends for both methods. 
This latter may well be a result of the similarity of the exponential function used for both 
strength gain and heat of hydration data for quantifying the activation energy. 
Furthermore, variation in Ea based on the measurement method is expected because the 
nano-scale phenomena responsible for each property are not the same. The literature 
indicates that cement phases have different contribution to the heat generated and 
strength gain. In other words, while tricalcium aluminate controls the total heat of 
hydration of a Portland cement, its contribution to strength is mainly attributed to filling 
the available space. Therefore, cement chemistry may influence the activation energy 
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differently based on the type of data collected or methodology used in its determination 
and the underlying mechanism that controls the specific property being measured. 
Study conducted on calcium aluminates cement (CAC) suggests that the 
conversion of the C3A varies with temperature during hydration. As a result, high 
strength is observed in the early ages while higher degree of hydration and porosity are 
observed at later ages resulting in decrease in strength (Juenger et al., Mindess et al.). 
Others indicate that in considering the heat of hydration, tricalcium aluminate has high 
reaction rate, though its contribution to strength development is very low (D’Aloia & 
Chanvillard, Taylor, and Hewlett). The underlying influence of C3A on heat of hydration 
and the dominant role of C3S on strength would explain differences in trends observed for 
strength based data and heat of hydration data. Figures 4-59 and 4-60 depict the 
equivalency of strength based and heat of hydration based Ea. Activation energy values 
plotted here are those determined through strength measurements using the exponential 
and hyperbolic functions and Ea from heat of hydration per modified ASTM (case I) 
The correlation coefficient (R2) between strength based and heat of hydration 
based activation energies was calculated using linear fit of Ea data. For the purpose of this 
study, a R2 value of 0.65 was chosen as a sufficient equivalency between Ea values (Poole 
2007). When the hyperbolic function was used on strength data to determine Ea, the R2  
values was 0.41 as shown in Figure 4-59 and when the exponential function was used 
(Figure 4-60) the R2 value was 0.86. It can be concluded that there is significant 
correlation between Ea values only when the exponential function is used. The cements 
studied here show some evidence of equivalency between strength based and heat of 
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hydration based activation energy in the early ages, but the extent of their compatibility 
requires further investigation. 
 
Figure 4-59: Strength based Ea (hyperbolic function) versus HOH-based Ea 
 
 
Figure 4-60: Strength based Ea (exponential function) versus HOH-based Ea 
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4.7 Summary of Results and Discussions  
 This chapter presented the analysis on cement chemistry and physical properties, 
time of setting, strength gain, and heat of hydration using four Portland cements. The 
activation energy was quantified using methods established in the literature; namely, 
strength and heat of hydration on paste and mortar mixtures. The findings from this 
chapter can be summarized as follows: 
1) In consideration of the experimental results and consensus of the possible limitations 
of the Bogue equations, XRD was used to provide better characterization of cement 
phases. In studying the cement particles, two techniques were used; namely, Blaine 
fineness and laser particle size analyzer. Particle size distribution offers better 
explanation to the observed trends and identifies the mean particle size of a Portland 
cement. Most important, chemical analysis and physical testing indicated cements 
studied here have similarities that enable the isolation of some aspect of phase 
composition and fineness. AC02 and LG01 have similar fineness while AC03 and 
LG03 have similar mean particle size. At the same time, cements from the same 
source (AC02, AC03) and (LG01, LG03) had similar phase composition but different 
fineness. AC03 has the highest amount of C3S, C2S and C4AF, LG03 has the highest 
C3A content, and LG01 has the lowest C3S and C4AF. In addition, both AC cements 
have lower C3A amount compare to LG cements. However, from direct measurement 
of sulfate (SO3) from the XRF and C3A content for XRD, the order of the as-received 
cements based on SO3/C3A ratio becomes:  AC03>LG01>AC02>LG03. 
2) The results show that the setting process proceeds faster with increasing temperature, 
fineness, and amount of C3S, and C3A. 
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3) Results of strength analysis indicate that the rate of strength gain for the four cements 
increases with fineness. The results also highlight the influence of C3S and SO3/C3A 
ratio on strength development, which can be seen as early as 2 days.  
4) The hyperbolic and exponential functions were used to quantify Ea based on strength 
measurements at 3 curing temperatures. The hyperbolic function shows better 
correlation between the measured strength and predicted strength. Most important, the 
results indicate that cement fineness influences activation energy using both 
functions. The underlying trend is that an increase in fineness is accompanied by a 
decrease in activation energy for cements of similar composition.  
5) Based on strength measurements, Ea remains fairly constant over time. The effect of 
fineness on Ea was prominent at all ages for LG cements whereas for AC cements it 
appears to be less significant at 8 days. 
6) Analysis on the heat of hydration of paste mixtures points out that the effect of 
fineness and cement chemistry not only affect the rate of heat flow and total heat 
generated, but they also influence Ea. Increase in Blaine fineness or decrease in MPS 
and decrease in SO3/C3A results in a decrease in activation energy. These underlying 
trends were observed for both linear slope and modified ASTM methods especially in 
the case of LG03. Furthermore, there is no significant difference in the activation 
energy obtained by using Case I or Case II of the modified ASTM method. The Ea 
values obtained from both were in agreement with values reported in the literature. 
Yet, Ea values obtained during first 12 hours of hydration using the slope method 
were consistently higher. 
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7) As was the case for HOH of paste mixtures, similar observations were made for 
mortar mixtures using the modified ASTM method. Increase in fineness resulted in 
decrease in Ea. Comparing AC03 to LG03 (same MPS), it was evident that decreasing 
SO3/C3A through increasing C3A and SO3 resulted in lower Ea. Moreover, values 
obtained from both modifications (Case I and II) of the exponential function showed 
similar trends. By contrast, working with AC02 and LG01 (same fineness but 
different MPS), it appears that case II was not as sensitive to the effect of composition 
since the Ea values were identical. 
8) Measurements of heat of hydration on paste and mortar mixtures were conducted to 
evaluate the effect of mixture type on Ea. Both mixtures generated the same amount 
of heat during the first 20 to 24 hours then diverged. The activation energy was 
similar for both types of mixture. The findings also suggest that paste mixtures are 
more sensitive than mortars in illustrating the effect of cement chemistry and fineness 
on the heat of hydration and activation energy.  
9) Ea determined through strength measurements are higher than those obtained from 
heat of hydration on mortar mixtures. Additionally, there is significant correlation 
between HOH based Ea and strength based Ea only when the activation energy based 
on strength data was determined using the exponential function. In general, the 
cements studied here show some evidence of equivalency between strength based and 
heat of hydration based activation energy up to 8 days, but the extent of their 
compatibility is subjected to further investigation.  
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CHAPTER 5: ACTIVATION ENERGY MODELING 
 Several aspects of concrete behavior are predictable. These include strength, heat 
of evolution, and thermal cracking. Estimation of these characteristics are challenging in 
the early stages of hydration as they are susceptible to the coupled effect of time and 
temperature in addition to the complex effect of cement chemistry and properties 
amongst other mix design variables. Numerous attempts have been made by practitioners 
and researchers to understand these effects through the prism of equivalent age concept. 
However, equivalent age relies on the activation energy that is consistent with Arrhenius 
law. As discussed in the previous chapters, a number of tools and methods are available 
to quantify the activation energy and results presented in the current literature show wide 
range in reported values. Therefore, an accurate estimation of the activation energy of a 
particular cement or concrete mixture is needed for better prediction of equivalent age, 
prediction of dependent properties, and temperature rise in mass concrete elements. This 
chapter presents regression models developed from strength data and isothermal 
calorimetry that can be used to predict the activation energy using cement chemistry and 
physical properties. 
5.1 Activation Energy Model from Previous Research 
 Several activation energy models were proposed in the literature; some account 
for the influence of cement chemistry while others account for the influence of degree of 
hydration and temperature. In fact, the latter is the basis for the activation energy 
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formulation proposed by Freiesleben Hansen & Petersen (1984), which is presented in 
Equation 5-1. 
 Equation 5-1 
where 
Θ = Curing temperature ,°C 
Equation 5-1 is commonly used in the equivalent age maturity methods to account 
for the temperature sensitivity of the hydration reaction (Carino, Poole). The equation 
suggests that the activation energy remains constant above 20°C and is a function of 
temperature below 20°C. This latter is in direct contradiction with Arrhenius law as Ea is 
independent of temperature (Poole, Schindler). Equation 5-2 proposed by Xiong &Van 
Breugel (2001) is based on isothermal calorimetry tests where Ea is a function of both 
temperature and degree of hydration. The concept of degree of hydration has been used in 
determining activation energy (Kada-Benameur et al., Schindler, Ishee, and D’Aloia & 
Chanvillard). There are few instances in the literature where a clear dependence of Ea on 
the degree of hydration was provided. Kjellsen & Detwiler (1992) indicated that beyond 
30% hydration, the activation energy gradually decreases. Abdel-Jawad (1988), found 
that beyond 60% of hydration, the activation energy also decreases in response to change 
from chemically to diffusion controlled hydration process where temperature dependence 
of the latter is less significant. 
E [α (t), T] = (44.92-0.043∙T) ∙exp (-0.00017∙T) e-α (t) Equation 5-2 
where 
α = Degree of hydration at time t 
T = Temperature (°K) 
Ea= 
• 33.5 kJ/mole for Θ ≥20°C 
• 33.5+1.47∙(20-Θ) kJ/mole for Θ <20°C 
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Equation 5-3 was proposed by Schindler & Folliard and Equations 5-4 and 5-5 
had been suggested by Poole; they are presented here. All three models are based on 
isothermal calorimetric testing and incorporate the influence of cement chemistry, 
fineness, and w/c ratio on activation energy. In those models, statistical means were used 
to establish variables that influence Ea. Poole's models incorporate the influence of 
gypsum or soluble sulfate content and water to cement ratio.   
Ea = 22,100 ∙ fE · PC3A0.30 ∙PC4AF 0.25 ∙Blaine0.35   Equation 5-3 
where  
fE = Ea modification factor for supplementary cementitious materials (SCMs) 
P = Fraction of each component in terms of cement content 
Blaine = Blaine fineness (m2/Kg) 
Ea = 31,400 ((PC3A + PC4AF) ∙ Pgypsum) 0.13 ∙Blaine-0.07 ∙w/c-0.05 Equation 5-4 
where  
P = Fraction of each component in the cement respectively  
w/c = Water-cement ratio of the paste 
Blaine = Blaine fineness (m2/Kg) 
Ea = 37,800 ((PC3A) · (CaSO4·xH2O+ K2SO4)) 0.05 ∙Blaine-0.03 ∙w/c-0.04   Equation 5-5 
where  
CaSO4·xH2O = Sum of % by mass of gypsum, hemihydrate, and anhydrite, 
K2SO4 = % by mass of arcanite 
PC3A = % C3A in cement 
The presented equations indicate that activation energy is a function of C3A, 
C4AF, SO3 and Blaine fineness. Schindler's model (Equation 5-3) indicates that Ea 
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increases with increase in Blaine fineness, C3A, and C4AF content. On the other hand, 
Equation 5-4 and 5-5 indicate that the activation energy decreases with increasing Blaine 
fineness and w/c while increases with increasing C3A, C4AF and SO3 content. By 
comparison to Schindler's model, Equation 5-5 was developed using the phase content 
based on Rietveld analysis to improve the accuracy of Ea prediction. Experimental results 
in this study indicate that activation energy determined from strength and heat of 
hydration measurements were incompatible; therefore, models presented by Poole and 
Schindler may be limited to prediction of Ea based on heat of hydration.  
Previous research indicated that many aspects of cement chemistry have influence 
on activation energy, including C3S, C2S, C3A, C4AF and Blaine fineness. Despite the 
fact that some researchers correlate these phases through using both Bogue calculation 
and Rietveld, the influence of particles size distribution on the activation energy or the 
influence of cement phases on activation energy determined using strength data was not 
presented in the literature. This study addresses the suitability of phase content 
determined from Rietveld analysis, Blaine fineness, and mean particles size on activation 
energy prediction based on strength gain and heat of hydration. 
5.2 Cement Selection for Ea Modeling 
 As mentioned previously, cement chemistry and properties influence performance 
and durability of concrete structures. Careful consideration was made in selecting the 
cements used for the models development. A wider range of cements will provide better 
and more robust model to estimate Ea. A total of 13 ASTM Portland cements were 
selected and are outlined in Table 5-1. The cements used in this part of the research are: 
1) AC02, AC03, LG01, and LG03 from current work 
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2) Cem-1, Cem-2, Cem-3, Cem-4, Cem-5A, and Cem-6) from Ishee (Ph.D., 2011) 
3) C3and C7 from Poole (Ph. D., 2007)  
4) Mix 1 from Ferraro (Ph.D., 2009) 
The same nomenclature was used for the cements as they appear in their respective 
dissertation. Specific combination of cements was used for each model predictions. Key 
element to the combination was the type of Ea model and the data available for 
implementation. To be precise, cements that have both maturity and calorimetry based Ea 
in addition to Blaine and MPS data were combined appropriately. Detailed mineralogical 
compositions are outlined in Appendix E. 
The cements selected here provide a wide range of chemical composition, 
fineness and mean particle size. This is considered to be a critical step that can extend the 
findings of this study to wide range of cements. Four models were developed in this 
study. Two models are based on strength based activation energy and the other two based 
on heat of hydration measurements. The cements used for each model and respective 
range of phases composition and physical properties are summarized in Table 5-2. 
Overall, from lowest to highest, cements properties and phase composition of 
significance can be classified as follows: 
1) C7 : Highest C3S (64.6%) and C3A (12.4%) amount 
2)  Mix 1: Lowest C3S (48.8%) and SO3 (0.52%) and highest C2S (28.9%)  
3) Cem-6: Lowest C2S (11.4%) 
4) Cem-4: Lowest C3A (2.34%) 
5) Cem-3: Lowest C4AF (1.3%) 
6) Cem-5A: Highest C4AF (13.9%) and Lowest MPS (8.8 µm) 
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7) LG01: Highest SO3 (4.3%) 
8) AC03: Highest Blaine value (612 m2/kg)  
9) Cem-2: Highest MPS (22.5µm) and lowest Blaine value (238 m2/kg)  
Additionally, LG01, LG03 and C7 cements have no free lime (CaO). Worth noting is that 
all features of mineralogical composition are based on XRD analysis (Rietveld) and used 
in developing the models. The next section will cover the basis for selecting the variables 
used in developing the models. 
 
Table 5-1: Cements properties and Ea used in modeling 
Cement 
ID 
Alite 
C3S 
(%) 
Belite 
C2S 
(%) 
Total 
C3A 
(%) 
Ferrite 
C4AF 
(%) 
SO3* 
(%) 
Blaine 
fineness 
(m2/kg) 
Mean 
Particle 
Size 
(μm) 
Ea_Maturity-
Hyp 
28 days 
(kJ/mol) 
Ea_ Iso-
Cal 
paste 
7 days 
(kJ/mol) 
 
AC02 61.4 13 6.6 11.7 2.3 417 12.9 52.4 35 
AC03 61.7 14 6.9 12.7 1.6 612 10.05 46.3 32.2 
LG01 57.3 12.9 9.8 6.4 4.3 405 14.35 57.5 29.8 
LG03 58.8 13.3 11.2 5.9 3.1 530 10.27 36.2 25.1 
Cem-1 60.6 12.8 7.5 7.4 2.5 485 9.19 44.2 28.8 
Cem-2 56.4 20.4 2.4 13.7 2.1 238 22.45 31.1 34.6 
Cem-3 56.2 25.1 6.5 1.3 3.7 450 9.71 36.5 40.5 
Cem-4 54.8 24.2 2.3 9.4 2.5 351 12.31 19.2 34.8 
Cem-5A 58.5 20.2 2.8 13.9 2.4 524 8.82 37 31 
Cem-6 57.4 11.4 4.5 13.2 2.1 389 14.45 30.4 54.6 
C6 55.7 21.1 4 10.7 2 365 -- -- 37.6 
C7 64.6 11.8 12.4 4 1.9 552 -- -- 37.4 
Mix1 48.8 28.9 5.9 5.4 0.5 383 --- 35.6 34.2 
*SO3 is the sum of %  by mass of gypsum ,hemihydrate, anhydrate and arcanite 
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Table 5-2: Cements, phase composition and properties ranges used in each model 
 
Model # 1 2 3 4 
Type Strength-Blaine Strength-MPS HOH-Blaine HOH-MPS 
Cements  
AC02,AC03, 
LG01,LG03, 
Cem-2, 
Cem-3,Cem-6 
AC02, AC03 
LG01, LG03  
Cem-1,  Cem-2   
Cem3,     Cem4 
Cem-6 
AC02, AC03, 
LG01, LG03,  
Cem-2,Cem-3,        
Cem-4, 
C3,C7,Mix1 
AC02, AC03, 
LG01, LG03,   
Cem-1, 
Cem-2,Cem-3, 
Cem-4, 
Cem-5A 
Blaine(m²/kg) 238 - 612 238 - 612 238 - 612 238 - 612 
MPS (µm) 9.7 - 22.5 9.2 - 22.5 9.7 - 22.5 8.8 - 22.45 
C3S (%) 56.2 - 61.7 54.8 - 61.7 48.8 -64.6 54.8 - 61.7 
C3A (%) 2.4 - 11.2 2.3 - 11.2 2.3 - 12.4 2.3 - 11.9 
C2S (%) 11.4 - 25.1 11.4 - 25.1 11.8 - 28.9 12.8 - 25.1 
C4AF (%) 1.3  -13.7 1.3 - 13.7 1.3 - 13.7 1.3 - 13.9 
SO3 (%) 1.6 - 4.3 1.6 - 4.3 0.5 - 4.3 1.6 - 4.34 
 
5.3 Summary of Trends 
 Chapter 4 of this work presented the several methods that are available to quantity 
the activation energy based on both heat of hydration and strength development. The 
experimental results were found to be in agreement with findings in the literature and 
indicate that cement fineness and chemistry influence the activation energy. This section 
summarizes the observed trends relating cement chemistry and fineness on strength gain 
and heat of hydration and thus activation energy. 
5.3.1 Effect of Fineness on Behavior of Cement 
 As it was done in previous chapter, cements obtained from the same clinker but 
had different Blaine values and MPS were a used to evaluate the effect of fineness on 
cement performance; that is AC cements (AC02, AC03) and LG cements (LG01, LG03). 
The analysis of the effect of fineness was conducted on strength development, heat flow, 
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cumulative heat, and activation energy.      
 As discussed in §4.2.1, the rate of strength gain for the four cements increased 
with an increase in cement fineness. Previous research (Taylor, Mindess et al., Hewlett, 
Mehta & Monteiro, Hooton et al.) supports this finding. Furthermore, in case of LG 
cements the effect of fineness appears to be more significant after 2 days. The same 
trends were observed at other curing temperature; that is, cements with higher fineness 
(AC03 and LG03) show higher strength gain (Mindess et al., Hooton et al.). 
 In §4.2.2, it was shown that an increase in Blaine fineness or a decrease in MPS 
was accompanied by an increase in the rate of heat of evolution and the total heat 
released. However, the effect of fineness is more pronounced in the first hours of 
hydration, which is an indication of its influence on rate of ion dissolution of individual 
constituents such as C3S (Hooton et al.). Additionally, the effect of fineness on total heat 
generated through the hydration of Portland cements extended to the duration of data 
collection of 7 days. 
 Ea determined from both strength and heat of hydration measurements decreases 
as fineness increases regardless of the method used and the opposite trend is true for 
mean particles size (MPS). Nonetheless, the coefficient of correlation (R2) of the line of 
best fit for activation energy versus Blaine fineness in Figures 5-1 and 5-3 was 0.45 and 
0.05 for strength and heat of hydration data. Figure 5-2 and 5-4 show R2 values were 0.76 
and 0.11 for activation energy versus MPS for strength and heat of hydration, 
respectively. These low coefficients of correlation indicate that fineness (Blaine or MPS) 
alone may not fully explain or account for the observed trends; simply put, additional 
factors such as cement composition may also influence cement behaviors. 
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Figure 5-1: Effect of Blaine fineness of strength-based Ea using hyperbolic function 
 
 
Figure 5-2: Effect of MPS on strength-based Ea using hyperbolic function 
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Figure 5-3: Effect of Blaine fineness on 7DHOH-based Ea using modified ASTM 
 
 
Figure 5-4: Effect of MPS on 7DHOH-based Ea per modified ASTM 
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5.3.2 Effect of Cement Chemistry on Performance of Cement 
 Two cements of similar Blaine fineness with different mineralogical compositions 
were used to analyze the effect of cement chemistry on strength development, heat of 
hydration, and activation energy. The Blaine fineness is 417 m2/ kg and 405 m2/ kg for 
AC02 and LG01, respectively. It is worth reiterating that these cements were obtained 
from two different sources. Moreover, both have similar C2S content, but AC02 has 
higher C3S and C4AF while LG01 has higher C3A, SO3 and alkali content.  
 From § 4.2.1.1 it was shown that AC02 exhibit higher strength gain than LG01. 
The major difference between AC02 and LG01 is the amount of C3S, C3A, C4AF and 
alkali content. As indicated in the literature, the trend highlights the influence of C3S and 
C4AF on strength development. Most important, the experimental results indicate effect 
of increase in C3S (about 4%) was prominent as early as 2 days contrary to 7 days 
reported by Hooton et al. The results also show that C3A has minimal influence on 
strength because the relative increase in C3A (about 3%) was comparable to the increase 
of C3S, yet LG01 showed lower strength gain. The same trends were observed 
irrespective of curing temperature. The activation energy for strength-based data 
indicates that cement AC02 has lower activation energy than LG01. It is believed that 
this trend is due to the significant role of tricalcium silicate on early strength gain. 
 For heat of hydration measurements, LG01 showed higher rate of heat flow and 
its main peak of hydration occurred earlier than AC02. The experimental results indicate 
that the effect of increasing C3A (about 3%) was prominent as early as the initial contact 
of cement and water, but was more dominant after 1 day. The results also showed that 
increasing C3S (4%) and C4AF (5.3%) had minimal influence on heat of hydration 
 153 
 
compared to the relative increase in C3A (about 3%). Also, alkali content might have an 
effect here too. Increasing cement alkali content is known to enhance the reactivity of 
C2S (Hanhan 2004). Hooton et al reported the poor correlations between C3S amount and 
the 1-day heat of hydration. This indicates that for the first 24 hours the effect of particle 
fineness dominates heat release phenomenon while mineralogical composition appears to 
be dominant between 24 hours to 7 days. Poole (2004) indicated that heat of hydration at 
3 days is affected by C3S and C3A. Additionally, the effect of C3A on the heat of 
hydration was nearly 5 times that of C3S at 7 days. The present analysis of the selected 
cements seems to validate this conclusion. As mentioned previously, an increase in C3A 
by 3% and in spite of a decrease of C3S by 4%, the total heat at 7 days increased by an 
average of 49 J/g [12 cal/g]. Nonetheless, previous research conducted on pure clinkers 
showed that C3A and C3S were responsible for heat of evolution of cement (Taylor, 
Hewlett, and D'Aloia). Most recent, Juenger et al conducted research on the behavior of 
C3A using high aluminates cement and found that the behavior of C3A is controlled by 
the presence of sulfates (SO3) and C3A generates greater amount of heat during the 
hydration process than other phases. 
 The effect of cement chemistry on activation energy is more complex. Based on 
strength measurements, activation energy decreases with increase in C3S for cement of 
similar composition such as LG01 vs. LG03 and AC02 vs. AC03 respectively. On the 
other hand, for heat of hydration measurements Ea increases with C3S and decreases with 
an increase in C3A content. This can be explained by the dominance of C3S and C3A on 
strength development and hydration process respectively and the significance of SO3/C3A 
ratio.  
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5.4  Selection of Models Variables  
 The development of any model requires selection and testing of variables to be 
included in the model. In this study, prior to referring to any statistical means, variables 
of the model were selected based on the most common observed trends. Based on the 
analysis presented in § 5.2 and 5.3, fineness and mineralogical composition were 
identified as significant variables for the models for mixes of constant w/c ratio. 
Previously, it was concluded that finer cements yield lower activation energy. In addition, 
the experiments conducted here indicate that the parameters of significance when cement 
composition is considered were C3A, C3S and SO3/C3A. For the most part, in addition to 
fineness, C3S and C3A are the most reactive components and are responsible for early 
liberation of heat, so a decrease in their amount will decrease the amount of heat 
produced (Mindess et al., Sedaghat & Zayed 2012). C3S is the key for early strength gain 
while C2S is responsible for later strength. Both were incorporated for their known effects 
on strength gain. In addition, SO3 is included as it controls the behavior of C3A (Juenger 
et al., Hewlett, Mehta & Monteiro). Based on the latter observation, only the ratio 
SO3/C3A was considered in the models. The amount of SO3 used in developing the 
models is based on XRD and was quantified as the sum of percentage by mass of sulfates 
in gypsum (CaSO4.2H2O), hemihydrate (CaSO4.1/2H2O), anhydrate (CaSO4), and 
arcanite (K2SO4).  
5.5  Selection of Models Type 
 The model type is of equal importance and subjected to the same analysis as the 
selection of variables. The most consistent trend from compressive strength of mortar 
cubes and heat of hydration of paste and mortar is that for the same cement clinker, an 
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increase in fineness or decrease in MPS was accompanied by a decrease in activation 
energy. However, for the same fineness the activation energy also changes as a function 
of composition; specifically, the slopes and intercepts change for different cements as a 
function of changes in phase compositions, which dictate the influence of cement 
chemistry on activation energy. Thus, a series of linear models such as Equation 5-6 and 
5-7 were used to define the relationship between cement chemistry and the changes in 
slope and intercepts respectively (Sedaghat & Zayed 2012). These intercepts and slopes 
are characterized as linear regressions of C₃S, SO3/C₃A or C₃A/ SO3, C₂S, and C₄AF. 
Slope (mi) = m1 (C₃S) + …. + m4 (C4AF)  Equation 5-6 
Intercept (bi) = b1 (C₃S) + ….b4 (C4AF))  Equation 5-7 
The formulae denote the mass fraction of cement composition based on Rietveld analysis. 
The best fitted coefficient for each variable was determined using the solver function in 
Microsoft Excel. The function uses the least square method to solve for each coefficient. 
This is done as the software minimizes the sum of the squares of the error (SSE) between 
the predicted and actual activation energy using selected cements. Once this step is 
completed, the predicted activation energy is then written as a function of both fineness 
(Blaine or MPS) and the individual phase content of the cement (IPCC) as shown in 
Equation 5-8.  
   Ea = [Intercept + Slope · (MPS or Blaine)] · (IPCC) Equation 5-8 
 
5.6 Strength-Based Activation Energy Models 
 The experimental results presented in § 4.2.1 showed that the hyperbolic function 
correlates strength development and time better than the exponential function. In 
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addition, the hyperbolic function has consistently showed the effect of cement physical 
properties and chemistry. Therefore, the activation energy determined from strength gain 
using the hyperbolic function presented in the ASTM C1074 was selected to develop the 
strength-based models. Based on the procedures describes earlier, cements for Model#1 
and #2 in Table 5-2 were used to develop Equation 5-9 and 5-10. Both equations predict 
the activation energy based on strength measurements as combined function of Blaine 
fineness or mean particle size with the phase composition of the cement. 
Ea = (-0.70 Blaine + 493.86) · PC3S + (-0.36 Blaine + 62.63) · P (SO3/C3A) 
  + (-0.31 Blaine + 120.73) · PC2S + (3.91 Blaine -1973.66) ·PC4AF 
        Equation 5-9 
 
Ea = (9.43 MPS -9.05) · PC3S+ (-8.40 MPS + 42.95) · P (SO3/C3A) 
             + (48.08 MPS-423.35) · PC2S+ (-49.88 MPS + 458.26) · PC4AFF 
          Equation 5-10 
where  
Ea = Activation energy (kJ/mol) 
Blaine = Blaine fineness (m2/ kg) 
MPS = Mean particles size (µm) 
P = Fraction of each component in terms of cement content 
Overall, the coefficients in Equation 5-9 and 5-10 point out that activation energy 
decreases with increase in fineness or decrease in MPS and increase in C3S and C4AF 
contents, but increases with increase in SO3/C3A ratio. Both equations were evaluated on 
collected data to identify which model provides the best estimate for the activation 
energy. The coefficient of correlation R², which is a statistical measure of how well the 
regression line approximates the real data points, was used to evaluate the accuracy of 
both equations. Montgomery (2005) indicates that a R² value of 1.0 identifies that a 
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regression line perfectly fits the data. Linear fitting of measured vs. predicted value of the 
activation energy as shown Figure 5-5 and 5-6 demonstrate that Equation 5-9 and 5-10 
produce R2 values of 0.89 and 0.76 respectively. These results show that based on 
strength development both functions show significant accuracy, but Equation 5-9, which 
incorporates Blaine fineness showed better fitness. It is worth noting that 11 cements 
were used for the Blaine based model while only 9 were used for the MPS model as the 
mean particle size of cement is not often reported in the literature. In addition, only 
cements with phase composition estimated through Rietveld analysis (XRD) were used. 
5.7 Heat of Hydration Activation Energy Models 
 The procedures outlined in the previous section were followed in developing the 
Ea models based on heat of hydration. The findings suggested that paste mixtures were 
more sensitive than mortars in illustrating the effect of cement chemistry on the heat of 
hydration and activation energy. As a result, Ea values obtained through heat of hydration 
data on paste mixtures were chosen. Similarly, comparing the values obtained from both 
modifications (Case I and II) of the exponential function (modified ASTM C1074 
method) indicated their similarity; however, when comparing AC02 and LG01, Case II 
was not as sensitive to the effect of composition. For that reason, Ea obtained from 
isothermal calorimetry using Case I (αu & β vary) were selected to develop HOH-based 
models. Compared to strength-based model, there was wider range of activation energy 
data and models available in the literature that could be used to validate and compare the 
findings of this study. Cements used for Model #3 and #4 are presented in Table 5-2 and 
were used to develop Equation 5-11 and 5-12 that predict activation energy based on heat 
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of hydration measurements. The equations illustrate the combined effect of Blaine 
fineness or mean particle size and the phase composition of cements on activation energy. 
Ea = (-1.02 Blaine + 446.33) · PC3S + (0.05 Blaine -20.61) · P(C3A/SO3) 
 + (2.26 Blaine -857.40) · PC2S + (0.37Blaine -125.94) ·PC4AF 
 Equation 5-11 
 
Ea = (3.02 MPS -14.67) · PC3S + (0.29 MPS -1.61) · P(C3A/SO3) 
             + (-20.45MPS +317.05) ·PC2S+ (16.70 MPS -167.09) ·PC4AF 
Equation 5-12 
where  
Ea = Activation energy (kJ/mol) 
Blaine = Blaine fineness (m2/ kg) 
MPS = Mean particles size (µm) 
P = Fraction of each component in terms of cement content 
As it was done previously, both equations were evaluated to examine the model 
that provides the best estimate of activation energy. Linear fitting of predicted versus 
measured Ea values are illustrated in Figure 5-7 and 5-8 where it can be seen that 
Equation 5-12 produces more accurate results. After removal of one major outlier in the 
data pool (Cem-6), the coefficients of correlation were 0.41 and 0.79 for Equation 5-11 
and 5-12 respectively. The evaluation of the Blaine based model was conducted on 
seventeen (17) cements while eleven (11) cements were used for the MPS model. 
5.8 Validation of Models Using Reported Data from Previous Research  
 Seventeen (17) cements were used in validating the developed models; eight (8) 
retrieved from Ishee (2011), four (4) from Poole (2007), one (1) from Ferraro (2009) and 
four (4) were as-received cements used in this study. The mineralogical description, 
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physical properties, and reported activation energy from both heat of hydration and 
strength gain (if determined) for each of the cement are provided in Appendix E.  
 It is shown in Figures 5-5 through 5-8 that most of the data are within the 
confidence limits of each model. The level of confidence is the probability that the 
interval estimates contains the population mean which is the most unbiased estimate of a 
model (Everitt & Skrondal 2010). However, the probability statement is about the 
interval not the population parameter which is fixed (Montgomery). Additionally, sample 
size and standard deviation dictate the size of the interval. That is, the confidence interval 
is a simple frequency of the model. Student t distribution testing was used to create the 
interval since less than 30 cements (sample) were used in developing each model. 
Tabulations of the statistical testing are provided in the Appendix E.  
 Additionally, in Figure 5-6 through 5-7, it is indicated that some cements deviated 
from the established interval. The cements that deviated from the interval were high in 
C3S and C3A content for strength based model while for HOH based model cements with 
high C4AF and C3S content and low C3A deviated more from the interval. In both Figure 
5-7 and 5-8, one datum (Cem-6) had activation energy that was unreasonably high for 
heat of hydration testing, but the value could not be independently verified from the 
published work of the author. Therefore, it was denoted as an outlier and was not 
included in calculating the coefficient of correlation (R2) value reported for Equation 5-
11 and 5-12. 
5.9 Limitation of Proposed Activation Energy Models 
 The models proposed in this study do not take into consideration the effect of 
water to cement ratio and mineral or chemical admixtures. The models were developed 
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using ASTM Type I, Type I/II, and Type III Portland cements. Blended cements of the 
same classification were not used in developing the models. Moreover, the models were 
built based on XRD results of phase analysis and on different data pools. Rietveld 
analysis is more accurate than Bogue calculations, but in many instances the latter is the 
only available information about the cement's potential phases. As a result, the models 
are limited to prediction of Ea based on XRD. 
The results of this study conducted on four as-received cements indicate that 
strength based Ea and HOH based Ea are not equivalent.  Equations 5-9 and 5-10 
(strength-based models) are limited to the prediction of activation energy based on 
strength gain; similarly, Equations 5-11 and 5-12 (heat of hydration-based models) are 
limited to prediction of Ea based to heat of hydration. Furthermore, they are limited by 
testing age, range of fineness, and cement phase content. 
 
Figure 5-5: Predicted versus measured strength based Ea using Equation 5-9 
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Figure 5-6: Predicted versus measured strength-based Ea using Equation 5-10 
 
 
Figure 5-7: Predicted versus measured HOH-based Ea using Equation 5-11 
10
15
20
25
30
35
40
45
50
55
60
65
70
10 15 20 25 30 35 40 45 50 55 60 65 70
Pr
ed
ic
te
d 
St
re
ng
th
-B
as
ed
 E
a (
kJ
/m
ol
) 
Measured  Strength-Based Ea (kJ/mol) 
USF( Predicted vs Measured)
Ishee 2011 (Predicted vs Measurred)
95% CI Lower limit
95 % CI Upper limit
Linear MPS
R²=0.76 for combined data 
20
25
30
35
40
45
50
55
60
20 25 30 35 40 45 50 55 60
Pr
ed
ic
te
d 
H
O
H
-B
as
ed
 E
a 
(k
J/
m
ol
) 
Measured  HOH-Based Ea (kJ/mol) 
USF 2012 (Predicted vs Measured)
Poole 2007 (Predicted vs Measured)
Ishee 2011 (Predicted vs Measured)
Ferraro 2009 (Predicted vs Measured)
95% CI Upper limit
95% CI Lower limit
Linear ( HOH-Blaine)
R²= 0.41 for combined data 
Outlier 
 162 
 
 
Figure 5-8: Predicted versus measured HOH-based Ea using Equation 5-12 
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model (Equation 5-12). This effect was also evident in the work of Sedaghat & Zayed 
(2012), which showed that the heat of hydration of cements is influenced by cement 
mean particle size, especially at 1 day. Also, the dependence seems to be significant up to 
7 days. It is suggested that any modeling pertaining to heat of hydration has to consider 
the effect of particles size distribution. All four models indicate that heat of hydration and 
strength development of cements are controlled by cement compositions and fineness 
(Blaine or MPS). It is conclusive that cement fineness influences the rate of reaction of 
cement components (Hooton et al.) and has a dominant effect on activation energy of a 
Portland cement.  
 The models presented in this study had successfully predicted the activation 
energy for the data that were accessible. Validation of the models indicated that Equation 
5-9 and 5-12 are best suited for prediction of strength based and heat of hydration based 
activation energy, respectively. However, the accuracy of each model is limited by the 
range of mineralogical composition and physical properties that have been considered.  
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CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH 
 In the present study, activation energy of cements has been quantified by several 
techniques based on strength development of mortar cubes and heat of hydration from 
isothermal calorimetry of paste and mortar mixtures. Additionally, multivariate 
regression models were developed to predict activation energy based on the physical 
properties and mineralogical content of Portland cements. This chapter presents 
conclusions from this study and recommendations for future research.  
6.1 Conclusions 
The conclusions drawn from this study are as follows: 
1) The variability in activation energy is primarily due to the testing method and is not 
limited to mixture type or age of testing. Lower activation energy values were 
obtained from isothermal calorimetry on both paste and mortar mixtures as compared 
to value obtained per ASTM C1074 on strength gain. 
2) The concept of degree of hydration as used in isothermal calorimetric testing is 
influenced by cement chemistry, fineness, w/c, and temperature and is a viable way of 
determining activation energy. 
3) For the maturity method, the hyperbolic function correlates the coupled effect of time 
and temperature on strength development better than the exponential function. It was 
more sensitive in depicting the effect of cement chemistry and fineness on activation 
energy as well. 
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4) There is no equivalency between Ea values obtained from 7-day heat of hydration on 
paste or mortar and compressive strength of mortar. 
5) Increase in Blaine fineness or decrease in mean particle size increases the rate of 
strength gain, rate of heat of evolution, and total heat generated by a Portland cement 
with a corresponding decrease in activation energy. Nonetheless, particle size 
distribution offers better explanation to the observed trends. 
6) At a constant w/c ratio, strength gain and heat of hydration are strong function of 
cement composition and fineness for temperatures up to 40°C. Most important, 
strength development is influenced by SO3 /C3A ratio and cement fineness. 
7) Regression modeling can be used to express effect of mineralogical and physical 
properties of Portland cement on its activation energy using six variables: Fineness 
(Blaine or MPS), C3S, C3A, C2S, C4AF, and SO3 contents. 
8) A model for predicting strength based activation energy, Equation 5-9, was proposed 
which incorporates the effect of Blaine fineness and cement composition. 
9) A model for predicting HOH based Ea, Equation 5-12, which incorporates the 
combined effect of mean particle size and cement composition was also proposed. 
The latter can be used in conjunction with other models to predict the temperature rise 
in concrete elements (Schindler, Poole). 
10) The accuracy of the proposed models is limited by the accuracy of the underlying test 
methods and range of composition and fineness considered here. 
6.2 Recommendations for Future Research 
The following recommendations are based on the findings and conclusions drawn 
from this study: 
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1) The model proposed in this study should be implemented for use in equivalent age 
concept for both strength development and heat of hydration.  
2) The standard practice for estimating concrete strength by the maturity method 
(ASTM C1074) should be revised to include isothermal calorimetry testing for the 
calculation of activation energy. It can then be used for the calculation of equivalent 
age for heat of hydration modeling. Furthermore, the interval of strength 
measurement should be adjusted to reflect the effect of cement composition and 
curing temperature.  
3) Further research should be conducted to assess the equivalency of Ea determined from 
both strength and heat of hydration measurements. 
4) Accurate method of phase analysis such as Rietveld should be standardized to provide 
more accurate information on the chemistry of cements. 
5) Report of the fineness of cement should include both the Blaine number and particle 
size distribution (PSD). 
6) Any modeling behavior pertaining to heat of hydration should consider the effect of 
mean particles size. 
7) Research should be performed to incorporate effect of water to cement ratio and 
cement admixtures to expand the proposed models.  
8) Further research on the influence of C3S on strength-based Ea should be conducted 
given the extent of the influence of C3S on strength development.  
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Appendix A: List of Symbols and Abbreviations  
ASTM  American Society of Testing and Materials 
 
AASHTO American Association of State Highway and Transportation Officials 
 
Ea  Activation Energy 
 
HOH  Heat of Hydration 
 
MPa  Mega Pascal 
 
MPS  Mean Particles Size 
 
PSD  Particle Size Distribution 
 
XRD  X-Ray Diffraction 
 
XRF  X-Ray Fluorescence  
 
A  Alumina, Al2O3 
 
C  Calcium Oxide, free lime CaO 
 
F  Ferric Oxide, Fe2O3 
 
H  Water, H2O 
 
S  Silica, SiO2 
 
C3A  Tricalcium Aluminate, 3CaO. Al2O3 
 
C4AF  Tetracalcium Aluminoferrite, 4CaO. Al2O3. Fe2O3 
 
C2S  Dicalcium Silicate, 2CaO. SiO2 
 
C3S  Tricalcium Silicate, 3CaO. SiO2 
 
CS
_
H2  Gypsum, Ca2SO4. 2H2O 
 
SO3  Sulfur Trioxide (Sulfate Content) 
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Appendix B: Isothermal Calorimetry Method Using Paste Mixtures  
 The data presented in this appendix are test results from isothermal conduction 
calorimetry on pastes mixtures. The heat of hydration was measured according to ASTM 
C-1702-09 using TAM Air, an 8-channel isothermal heat conduction calorimeter for heat 
flow measurements in the milliwatt (mW) range. The operating temperature range is 5-
90°C.Paste Samples less than 5 grams were prepared. 3.3007 grams of cement was mix 
with 1.650 grams of water internally for 60 seconds. Internal mixing was used as it 
provided the ability to record the heat of hydration of cements right from the time of 
mixing of water with cement. Water to cement ratio (w/c) of 0.5 was maintained for all 
the mixtures. 12.33 grams of Ottawa sand was placed the reference cell during testing. 
The calorimetry was calibrated between each temperature run and all heat of hydration 
measurements were achieved in duplicate runs to ensure the precision of results. 
 
Figure B-1: Duplicate runs of heat flow versus time for AC cements paste at 23°C 
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Appendix B: Continued 
 
Figure B-2: Duplicate runs of heat flow versus time for AC cements paste at 30°C 
 
 
Figure B-3: Duplicate runs of heat flow versus time for AC cements paste at 40°C 
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Appendix B: Continued 
 
Figure B-4: Duplicate runs of total heat generated by AC cements paste at 23°C 
 
 
Figure B-5: Duplicate runs of total heat generated by AC cements paste at 30°C 
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Appendix B: Continued 
 
Figure B-6: Duplicate runs of total heat generated by AC cements paste at 40°C 
 
 
Figure B-7: Duplicate runs of heat flow versus time for LG cements paste at 23°C 
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Appendix B: Continued 
 
Figure B-8: Duplicate runs of heat flow over time for LG cements paste at 30°C 
 
 
Figure B-9: Duplicate runs of heat flow over time for LG cements paste at 40°C 
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Appendix B: Continued 
 
Figure B-10: Duplicate runs of total heat generated by LG cements paste at 23°C 
 
 
Figure B-11: Duplicate runs of total heat generated by LG cements paste at 30°C 
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Appendix B: Continued 
 
Figure B-12: Duplicate runs of total heat generated by LG cements paste at 40°C 
 
 
Figure B-13: Estimated degree of hydration for AC02 paste mixtures 
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Appendix B: Continued 
 
Figure B-14: Estimated degree of hydration for AC03 paste mixtures 
 
 
Figure B-15: Estimated degree of hydration for LG01 paste mixtures 
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Appendix B: Continued 
 
Figure B-16: Estimated degree of hydration over time for LG03 paste mixtures 
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Appendix C: Isothermal Calorimetry Method Using Mortar Mixtures  
This appendix presents test results from isothermal conduction calorimetry testing 
for mortar mixtures. The same isothermal heat conductor was used to measure the heat of 
hydration in accordance with ASTM C-1702-09. This testing was done in the effort to 
investigate the variability of the activation energy based on mixture type.  
Mortar samples were prepared using external mixing. Mixtures were proportion 
like this: 10 gram of cement, 27.5 grams of Ottawa sand and 4.85 grams of distilled 
water. The w/c was 0.485 and sand to cement ratio was 2.75 to reflect the proportion used 
in strength mortar cubes per ASTM C109 such that results of the mortar tests can be as 
close as possible to concrete mixtures. On average, a total of 24.5 grams of mortar was 
placed in 20 ml glass container with 32.63 grams of Ottawa sand which was placed the 
reference cell during testing. At higher temperatures, the components of the mixtures 
were left in isothermal oven overnight at the required temperature to be as close as 
possible to the calorimeter's temperature. Samples were hand mixed for 2 minutes to 
achieve homogeneity and mortars was immediately fit into a 20 ml glass container and 
lowered into the calorimeter. The first two hours of testing was removed from the raw 
data to account for error on temperature adjustment between the sample and the 
calorimeter. All heat of hydration measurements were achieved in duplicate runs to 
ensure the precision of results. In addition, the same channel was used for the same 
mixture at each temperature. 
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Appendix C: Continued 
 
Figure C-1: Duplicate runs of heat flow over time for AC cements mortar at 22°C 
 
 
Figure C-2: Duplicate runs of heat flow over time for AC cements mortar at 30°C 
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Appendix C: Continued 
 
Figure C-3: Duplicate runs of heat flow versus time for AC cements mortar at 40°C 
 
 
Figure C-4: Duplicate runs of total heat generated by AC cements mortar at 22°C 
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Appendix C: Continued 
 
Figure C-5: Duplicate runs of total heat generated by AC cements mortar at 30°C 
 
 
Figure C-6: Duplicate runs of total heat generated by AC cements mortar at 22°C 
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Appendix C: Continued 
 
Figure C-7: Duplicate runs of heat flow over time for LG cements mortar at 22°C 
 
 
Figure C-8: Duplicate runs of heat flow over time for LG cements mortar at 30°C 
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Appendix C: Continued 
 
Figure C-9: Duplicate runs of heat flow over time for LG cements mortar at 40°C 
 
 
Figure C-10: Duplicate runs of total heat generated by LG cements mortar at 22°C 
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Appendix C: Continued 
 
Figure C-11: Duplicate runs of total heat generated by LG cements mortar at 30°C 
 
 
Figure C-12: Duplicate runs of total heat generated by LG cements mortar at 40°C 
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Appendix C: Continued 
 
Figure C-13: Estimated degree of hydration for AC02 mortar mixtures 
 
 
Figure C-14: Ea quantification using isothermal calorimetry on AC02 mortar 
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Appendix C: Continued 
 
Figure C-15: Estimated degree of hydration for AC03 mortar mixtures 
 
 
Figure C-16: Ea quantification using isothermal calorimetry on AC03 mortar 
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Appendix C: Continued 
 
Figure C-17: Estimated degree of hydration for LG01 mortar mixtures 
 
 
Figure C-18: Ea quantification using isothermal calorimetry on LG01 mortar 
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Appendix C: Continued 
 
Figure C-19: Estimated degree of hydration for LG03 mortar mixtures 
 
 
Figure C-20: Ea quantification using isothermal calorimetry on LG03 mortar 
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Appendix D: Strength Data and Activation Energy per Maturity Method 
Appendix D presents the raw strength data with sample calculation used in 
determining activation energy per ASTM C1074-04. The method allows prediction of 
compressive strength of a mix under different curing conditions; namely, temperature and 
time. ASTM C1074 required at least three different isothermal curing temperatures for 
the calculation of the activation energy. The curing temperatures of 22°C, 30°C and 40°C 
were used for this research. Additionally, in determining the activation energy per 
maturity method several parameters were needed and they were determined using two 
relationships; namely, exponential and hyperbolic functions (Equation D-1 and D-2)  
S = Su 𝑒−(𝝉𝒕)𝜷       Equation D-1 
where   
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength, (MPa) 
τ = Time constant (days) 
β = Shape parameters (dimensionless)       
S = Su· 𝑘(𝑡−𝑡0)
1+𝑘(𝑡−𝑡0)    Equation D-2 
where   
S = Average compressive strength at age t (MPa) 
t = Test age (days) 
Su = Limiting strength (MPa) 
k = Rate constant or rate of reaction (days-1) 
to = Age at which strength development is assumed to begin (days) 
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Appendix D: Continued 
A sample of the calculations for activation energy determination using both 
functions is presented using cement AC02 data. The curves parameters for both 
relationships were determined using Solver option of Microsoft Excel using the strength 
versus age data in Table D-1. Each function is fitted through the strength gain data at 
each curing temperature. The solver operates as to minimize the sum of the squares of the 
residuals to obtain the best fit solution for the collected data. Table D-2 and D-3 outlined 
the best fitted parameters for the hyperbolic and exponential function respectively. Once 
the parameters have been determined, the calculated strength determined through each 
function were plotted along with the actual collected data points. Figure D-1 through D-3 
are graphical representation of the actual data and the predicted values at each curing 
temperature for AC02.  
Table D-1: Strength gains for AC02 cement at 3 curing temperatures 
Curing at 22°C Curing at 30°C Curing at 40°C 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
0.5 4.4 0.5 10.4 0.3 6.8 
1.0 13.7 1.0 20.1 0.5 17.7 
2.0 22.6 2.0 27.9 1.0 25.6 
4.0 30.0 4.0 35.3 2.0 31.0 
8.0 36.2 8.0 38.9 4.0 36.9 
16.0 39.3 16.0 39.9 8.0 37.6 
28.0 42.5 28.0 41.0 16.0 38.7 
    
28.0 40.2 
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Appendix D: Continued 
 
Figure D-1: Functions fitting through the strength gain data for AC02 at 22°C 
 
 
Figure D-2: Functions fitting through the strength gain data for AC02 at 30°C 
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Appendix D: Continued 
 
Figure D-3: Functions fitting through the strength gain data for AC02 at 40°C 
 
Table D-2: Curves parameters for AC02 using hyperbolic function 
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Table D-3: Curves parameters for AC02 using exponential function 
T, (°C) = 22 30 40 
Su, MPa = 45.50 42.70 40.43 
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Appendix D: Continued 
Once the curve parameters are determined, the activation energy is determined in 
this manner: The natural logarithm (ln) of the rate constants (k) or (1/τ) are plotted 
against the reciprocal of the absolute curing temperature (T) as seen in Figure D-4 and D-
5. Afterward, the best linear line is fitted through the data, the slope of which is the 
negative quotient of the universal gas constant R (8.3144 J/mol-K) and the activation 
energy Ea (kJ/ mol ) as depicted in Figures D-4 and D-5 and presented in Table D-4 and 
D-5 for hyperbolic and exponential functions respectively.  
Table D-4: Activation energy using hyperbolic function 
Ea = 52.41 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = -0.501 0.136 0.732 
Slope = -6303.24   
 
 
Figure D-4: Ea quantification per hyperbolic function on AC02 cubes 
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Appendix D: Continued 
Table D-5: Activation energy using exponential function 
 
Ea = 46.80 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = -0.27 0.31 0.83 
Slope = -5628.77   
 
 
Figure D-5: Ea quantification per exponential function on AC02 cubes 
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Appendix D: Continued 
Table D-6: Strength gains for AC03 at different curing temperatures 
Curing at 22°C Curing at 30°C Curing at 40°C 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
0.3 3.7 0.3 9.6 0.2 5.8 
0.7 12.7 0.7 21.1 0.3 17.7 
1.3 22.1 1.3 27.0 0.7 27.0 
2.7 31.0 2.7 32.6 1.3 29.8 
5.3 36.5 5.3 39.8 2.7 35.1 
10.7 40.8 10.7 40.3 5.3 40.8 
28.0 44.3 28.0 40.8 10.7 42.1 
    
21.3 42.4 
    
28.0 42.7 
 
 
Figure D-6: Functions fitting through the strength gain data for AC03 at 22°C 
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Appendix D: Continued 
 
Figure D-7: Functions fitting through the strength gain data for AC03 at 30°C 
 
 
Figure D-8: Functions fitting through the strength gain data for AC03 at 40°C 
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Appendix D: Continued 
 
Figure D-9: Ea quantification per hyperbolic function on AC03 cubes 
 
 
Figure D-10: Ea quantification per exponential function on AC03 cubes 
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Appendix D: Continued 
Table D-7: Curve parameters and Ea per hyperbolic function on AC03 cubes 
Hyperbolic Strength result 
AC 03 
 Ea = 46.34 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = -0.169 0.496 0.926 
Slope = -5573.10   
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 45.68 42.34 42.86 
k(1/day) = 0.84 1.64 2.52 
to,hrs = 5.4 3.4 2.2 
R² = 0.999 0.988 0.986 
to (day) = 0.224 0.143 0.093 
 
Table D-8: Curve parameters and Ea per exponential function on AC03 cubes 
Exponential Strength result 
AC 03   
E = 44.33 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = 0.06 0.69 1.11 
Slope = -5331.65   
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 46.56 42.79 43.80 
ß = 0.84 0.88 0.83 
τ, hrs = 22.5 12.1 7.9 
R² = 0.999 0.988 0.987 
τ, day = 0.938 0.503 0.329 
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Appendix D: Continued 
Table D-9: Strength gains for LG01 cement at 3 curing temperatures 
 
Curing at 22°C Curing  at 30°C Curing  at 40°C 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
0.5 5.0 0.4 4.6 0.3 4.7 
1.0 13.9 0.8 16.2 0.5 18.6 
2.0 21.9 1.5 23.5 1.0 22.7 
4.0 27.5 3.0 27.0 2.0 26.6 
8.0 30.8 6.0 29.5 4.0 29.0 
16.0 34.3 12.0 31.9 8.0 30.9 
  
24.0 33.0 16.0 32.1 
    
28.0 33.8 
 
 
Figure D-11: Functions fitting through the strength gain data for LG01 at 22°C 
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Appendix D: Continued 
 
Figure D-12: Functions fitting through the strength gain data for LG01 at 30°C 
 
 
Figure D-13: Functions fitting through the strength gain data for LG01 at 40°C 
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Appendix D: Continued 
 
Figure D-14: Arrhenius plot quantifying Ea per hyperbolic function on LG01 cubes 
 
 
Figure D-15: Arrhenius plot quantifying Ea per exponential function on LG01 cubes 
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Appendix D: Continued 
Table D-10: Curve parameters and Ea per hyperbolic function on LG01 cubes 
 
Hyperbolic Strength result 
LG01   
Ea = 57.48 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = -0.105 0.692 1.252 
Slope = -6913.05   
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 36.05 32.93 32.29 
k(1/day) = 0.90 2.00 3.50 
to,hrs = 7.6 7.0 4.7 
R² = 0.998 0.997 0.982 
to (day) = 0.317 0.291 0.195 
 
Table D-11: Curve parameters and Ea per exponential function on LG01 cubes 
 
Exponential Strength result 
LG01   
Ea = 41.17 kJ/mol  
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = 0.02 0.51 0.98 
Slope = -4951.82   
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 36.16 32.41 32.29 
ß = 0.95 1.21 1.14 
τ, hrs = 23.6 14.4 9.0 
R² = 0.998 0.992 0.971 
τ, day = 0.984 0.601 0.374 
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Appendix D: Continued 
Table D-12: Strength gains for LG03 cement at three curing temperatures 
Curing at 22°C Curing at 30°C Curing at 40°C 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
Age 
(Days) 
Strength 
(MPa) 
0.5 5.9 0.3 5.8 0.2 4.8 
1.0 19.2 0.7 18.4 0.4 18.6 
2.0 26.0 1.3 24.2 0.8 23.6 
4.0 28.4 2.7 27.3 1.7 25.7 
8.0 32.2 5.3 29.8 3.3 29.6 
16.0 34.4 10.7 33.8 6.7 31.4 
32.0 36.2 21.3 36.0 13.3 33.5 
  
28.0 36.8 26.7 34.7 
 
 
Figure D-16: Functions fitting through the strength gain data for LG03 at 22°C 
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Appendix D: Continued 
 
Figure D-17: Functions fitting through the strength gain data for LG03 at 30°C 
 
 
Figure D-18: Functions fitting through the strength gain data for LG03 at 40°C 
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Appendix D: Continued 
 
Figure D-19: Arrhenius plot quantifying Ea per hyperbolic function on LG03 cubes 
 
 
Figure D-20: Arrhenius plot quantifying Ea per exponential function on LG03 cubes 
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Appendix D: Continued 
Table D-13: Curve parameters and Ea per hyperbolic on LG03 cubes 
 
Hyperbolic Strength result 
LG03   
Ea = 36.18 kJ/mol   
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = 0.511 0.604 1.343 
Slope = -4351.74     
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 35.41 35.69 33.14 
k(1/day) = 1.67 1.83 3.83 
to,hrs = 8.9 5.0 3.8 
R² = 0.988 0.974 0.975 
to (day) = 0.372 0.208 0.157 
 
Table D-14: Curve parameters and Ea per exponential function on LG03 cubes 
 
Exponential Strength result 
LG03   
Ea = 36.07 kJ/mol   
T,(°K) = 295 303 313 
1/T = 0.00339 0.00330 0.00319 
Ln (k) = 0.30 0.61 1.14 
Slope = -4337.94     
Curve parameters 
T, (°C) = 22 30 40 
Su, MPa = 35.19 36.72 33.49 
ß = 1.15 0.87 1.03 
τ, hrs = 17.8 13.0 7.7 
R² = 0.981 0.973 0.966 
τ, day = 0.741 0.543 0.319 
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Appendix E: Modeling Data and Worksheets 
 This appendix contains the data used to develop and validate the activation energy 
models based on strength and heat of hydration. Tables E-1 through E-3 outline 
mineralogical composition (XRD), physical properties, and activation energy values for 
cements used in the modeling and subsequent validation. Cements used in chapter 5 of 
this work are named USF (2012), the other one are retrieved from the respective 
philosophical dissertation.  
Table E-1: Cement phase, physical properties, and Ea (USF 2012) 
Phase  AC02 AC03 LG01 LG03 
Alite (C3S) (%) 61.44 61.65 57.28 58.75 
Belite (β-C2S) (%) 12.95 14.03 12.88 13.31 
Ferrite (C4AF) (%) 11.68 12.67 6.43 5.90 
Free lime (CaO) (%) 0.04 0.16 0.00 0.00 
Alum_cub (C3A) (%) 5.40 5.74 8.80 9.69 
Alum_ortho (C3A) (%) 1.18 1.13 0.95 1.50 
Total C3A (%) 6.58 6.87 9.75 11.19 
Periclase (MgO) (%) 0.12 0.18 1.97 1.84 
Arcanite (K2SO4) (%) 1.33 1.09 2.02 1.78 
Portlandite [Ca(OH)2] (%) 0.28 0.23 0.40 0.32 
Calcite (CaCO3) (%) 2.13 0.95 2.13 2.24 
Quartz (SiO2) (%) 0.00 0.00 0.00 0.00 
Gypsum (CaSO4.2H2O) (%) 2.87 1.12 6.20 3.53 
Hemihydrate (CaSO4.1/2H2O) (%) 0.57 0.96 0.96 1.11 
Anhydrite (CaSO4) (%) 0.00 0.09 0.00 0.04 
SO3* (%) 2.26 1.60 4.34 3.10 
Other Properties 
Blaine fineness (m2/kg) 417 612 405 530 
Mean Particle  Size (μm) 12.90 10.05 14.35 10.27 
Ea_Maturity-Hyp (kJ/mol) 52.4 46.3 57.5 36.2 
Ea-Maturity_Exp (kJ/mol) 46.8 44.3 41.2 36.1 
Ea_ Iso-Cal  paste (kJ/mol) Case I 36.2 34.0 32.0 28.3 
*SO3 is the sum of % by mass of gypsum, hemihydrate, anhydrate, and arcanite 
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Appendix E: Continued 
Table E-2: Cement phase, physical properties, and Ea (Ishee 2011) 
Phase  Cem-1 Cem-2 Cem-3 Cem-4 Cem-5A Cem-5B Cem-5C Cem-6 
Alite (C3S) (%) 60.63 56.41 56.24 54.76 58.5 62.4 61.4 57.4 
Belite (β-C2S) (%) 12.83 20.38 25.09 24.15 20.2 15.5 16.7 11.4 
Ferrite (C4AF) (%) 7.36 13.71 1.30 9.38 13.9 13.2 12.6 13.2 
Free lime (CaO) 
(%) 0.40 0.17 0.13 0.39 0.5 0.7 0.33 0.46 
Alum_cub (C3A) 
(%) 4.95 1.93 6.29 1.66 2.2 3.0 3.24 4.03 
Alum_ortho (C3A) 
(%) 2.58 0.50 0.17 0.68 0.5 0.6 0.52 0.43 
Total C3A (%) 7.53 2.43 6.46 2.34 2.77 3.58 3.76 4.46 
Periclase (MgO) 
(%) 1.17 0.00 0.23 0.72 0.17 0.17 1.17 0.08 
Arcanite (K2SO4) 
(%) 1.02 0.49 0.50 0.61 0.53 0.53 1.02 0.53 
Portlandite 
[Ca(OH)2]  (%) 0.45 0.00 0.90 0.22 0.66 0.07 0.45 1.47 
Calcite (CaCO3) 
(%) 0.81 2.39 1.99 0.58 1.20 1.85 2.14 4.20 
Quartz (SiO2) (%) 0.06 0.00 0.00 0.00 0.00 0.00 0.06 0.21 
Gypsum 
(CaSO4.2H2O) (%) 2.78 4.05 5.93 3.61 0.00 0.01 0.44 3.29 
Hemihydrate 
(CaSO4.1/2H2O) 
(%) 0.72 0.00 1.09 0.57 0.63 0.61 0.91 1.16 
Anhydrite (CaSO4) 
(%) 0.63 0.00 0.14 0.17 0.81 0.77 0.32 0.12 
SO3*  (%) 2.53 2.11 3.67 2.48 2.37 2.37 2.53 2.11 
Other Properties 
Blaine fineness 
(m2/kg) 485 238 450 351 524 358 307 389 
Mean Particle Size 
(μm) 9.19 22.45 9.71 12.31 8.82 13.12 19.14 14.45 
Ea_Maturity-Hyp 
(kJ/mol) 44.2 31.1 36.5 19.2 37.0 32.9 33.6 30.4 
Ea_Maturity_Exp 
(kJ/mol) 49.2 23.2 45.3 13.4 30.7 54.9 30.4 35.7 
Ea_ Iso-Cal paste 
(kJ/mol) 28.8 34.6 40.5 34.8 31.0 30.9 36.8 54.6 
*SO3 is the sum of % by mass of gypsum, hemihydrate, anhydrate, and arcanite 
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Appendix E: Continued 
Table E-3: Cement phase, physical properties, and Ea (Poole 2007& Ferraro 2009) 
Phase  C2 C3 C6 C7 Mix 1 
Alite (C3S) (%) 61.0 57.2 55.7 64.6 48.8 
Belite (β-C2S) (%) 15.6 15.1 21.1 11.8 28.9 
Ferrite (C4AF) (%) 6.0 9.6 10.7 4 13.7 
Free lime (CaO) (%) 0.0 0.7 0.0 0 0.4 
Alum_cub (C3A) (%) -- -- -- -- 5.4 
Alum_ortho (C3A) (%) -- -- -- -- 0.5 
Total C3A (%) 9.6 5.3 4 12.4 5.9 
Periclase (MgO) (%) 0 0.9 0 0 0.2 
Arcanite (K2SO4) (%) 1 1.6 0.7 0.8 0 
Portlandite [Ca(OH)2] (%) -- -- -- -- 0.8 
Calcite (CaCO3) (%) 3.6 1.7 3.2 0.7 0.3 
Quartz (SiO2) (%) -- -- -- -- 0 
Gypsum (CaSO4.2H2O) (%) 0.4 6.6 0 2.4 0 
Hemihydrate (CaSO4.1/2H2O) (%) 1.2 0.8 2.5 2.4 1.0 
Anhydrite (CaSO4) (%) 1 0.4 0.7 0.6 0 
SO3* (%) 1.5 1.5 2.0 2.0 0.5 
Other Properties 
Blaine fineness (m2/kg) 391 389 365 552 383 
Mean Particle Size (μm) -- -- -- -- --- 
Ea_Maturity-Hyp (kJ/mol) -- -- -- -- 35.6 
Ea-Maturity_Exp (kJ/mol) -- -- -- -- 37.4 
Ea_ Iso-Cal  paste (kJ/mol) 40.6 38.9 37.6 37.4 34.2 
*SO3 is the sum of % by mass of gypsum, hemihydrate, anhydrate, and arcanite 
 
Based on the composition, Blaine fineness, and MPS, combination of selected 
cement were chosen to build the models. The following tables show the selected cements, 
the slope and intercept coefficients as described by Equation 5-6 and 5-7. Once the 
coefficient determined statistical tests were performed on the model to develop the 95% 
confidence interval. Afterward the models are used to predict the activation energy for 
given cement and compared to the actual Ea values.  
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Appendix E: Continued 
A number of statistical tools were used to assess the accuracy of the proposed 
models. For instance, the coefficient of correlation was computed for each model to see 
how well the model predicts. Furthermore models' adequacy was tested by plotting the 
residuals against the predicted Ea values. 
Table E-4: Cements selected for strength-based Ea model using Blaine fineness 
Source Cement ID BF (m²/kg) 
Phase Composition (Fraction) 
C3S C3A C2S C4AF SO3 
USF (2012) 
AC02 417 0.614 0.066 0.130 0.117 0.023 
AC03 612 0.617 0.069 0.140 0.127 0.016 
LG01 405 0.573 0.098 0.129 0.064 0.043 
LG03 530 0.588 0.112 0.133 0.059 0.031 
Charles (2011) 
Cem-2 238 0.564 0.024 0.204 0.137 0.021 
Cem-3 450 0.562 0.065 0.251 0.013 0.037 
Cem-6 389 0.574 0.045 0.114 0.132 0.021 
 
Table E-5: Cements selected for strength-based Ea model using mean particle size 
Source Cement ID MPS (µm) 
Phase Composition (Fraction) 
C3S C3A C2S C4AF SO3 
USF (2012) 
AC02 12.90 0.614 0.066 0.130 0.117 0.023 
AC03 10.05 0.617 0.069 0.140 0.127 0.016 
LG01 14.35 0.573 0.098 0.129 0.064 0.043 
LG03 10.27 0.588 0.112 0.133 0.059 0.031 
Charles (2011) 
Cem-1 9.19 0.606 0.075 0.128 0.074 0.025 
Cem-2 22.45 0.564 0.024 0.204 0.137 0.021 
Cem-3 9.71 0.562 0.065 0.251 0.013 0.037 
Cem-4 12.31 0.548 0.023 0.242 0.094 0.025 
Cem-6 14.45 0.574 0.045 0.114 0.132 0.021 
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Appendix E: Continued 
Table E-6: Summary of coefficient for strength-based Ea models 
Strength-based C3S SO3/C3A  C2S C4AF 
Blaine Intercept  493.86 62.63 120.73 
-
1973.66 
Slope -0.70 -0.36 -0.31 3.91 
MPS Intercept  -9.05 42.95 -423.35 458.26 
Slope 9.43 -8.40 48.08 -49.88 
 
Table E-7: Statistical test results for strength-based Ea models 
Statistical criterion 
Strength-based Model 
Blaine MPS 
Minimum 30.36 20.56 
Maximum 57.50 55.52 
Mean 41.48 39.34 
Standard Deviation 10.67 11.05 
Sample Variance 113.88 122.01 
CI (%) 95% 95% 
Sample Size  7 9 
Degree of Freedom  6 8 
Distribution type t-dist t-dist 
Critical value 2.447 2.306 
Standard Error 4.03 3.68 
Margin of Error (+/-) 9.87 8.49 
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Appendix E: Continued 
Table E-8: Comparison of measured and predicted Ea per strength-based models 
Source Cement ID 
Hyperbolic Blaine Blaine MPS MPS 
Measured Ea 
(kJ/mol) 
Predicted Ea 
(kJ/mol) 
Residual 
(kJ/mol) 
Predicted Ea 
(kJ/mol) 
Residual 
(kJ/mol) 
USF 
(2012) 
AC02 52.4 52.4 -0.003 50.5 1.86 
AC03 46.3 46.3 0.001 46.1 0.19 
LG01 57.5 57.5 0.000 55.5 1.98 
LG03 36.2 36.2 0.001 45.7 -9.54 
Charles 
(2011) 
Cem-1 44.2 46. -1.830 37.9 6.32 
Cem-2 31.1 31.1 0.000 30.8 0.34 
Cem-3 36.5 36.5 0.000 35. 1.49 
Cem-4 19.2 14.9 4.294 20.6 -1.36 
Cem-
5B 32.89 33.6 -0.672 33.3 -0.37 
Cem-
5C 33.6 45.9 -12.312 46.5 -12.91 
Cem-6 30.4 30.4 0.001 31.9 -1.58 
Number of cement 11 
  
11 
  Coefficient of Correlation R2- 0.89 0.76 
 
 
Figure E-1: Plot of Ea residuals from strength-based model using Blaine 
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Appendix E: Continued 
 
Figure E-2: Plot of Ea residuals from strength-based model using MPS 
 
Table E-9: Cements selected for HOH-based Ea model using Blaine fineness 
Source Cement ID 
Blaine 
Fineness 
(m²/kg) 
Phase Composition (Fraction) 
C3S C3A C2S C4AF SO3 
USF 
(2012) 
AC02 417 0.614 0.066 0.130 0.117 0.023 
AC03 612 0.617 0.069 0.140 0.127 0.016 
LG01 405 0.573 0.098 0.129 0.064 0.043 
LG03 530 0.588 0.112 0.133 0.059 0.031 
Charles 
(2011) 
Cem-2 238 0.564 0.024 0.204 0.137 0.021 
Cem-3 450 0.562 0.065 0.251 0.013 0.037 
Cem-4 351 0.548 0.023 0.242 0.094 0.025 
Ferraro 
(2009) Mix 1 383 0.488 0.059 0.289 0.054 0.005 
Poole 
(2007) 
C3 389 0.572 0.053 0.151 0.096 0.015 
C7 552 0.646 0.124 0.118 0.04 0.019 
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Appendix E: Continued 
Table E-10: Cements selected for HOH-based Ea model using mean particle size 
Source Cement ID MPS (µm) 
Phase Composition (Fraction) 
C3S C3A C2S C4AF SO3 
USF 
(2012) 
AC02 12.90 0.614 0.066 0.130 0.117 0.023 
AC03 10.05 0.617 0.069 0.140 0.127 0.016 
LG01 14.35 0.573 0.098 0.129 0.064 0.043 
LG03 10.27 0.588 0.112 0.133 0.059 0.031 
Charles 
(2011) 
Cem-1 9.19 0.606 0.075 0.128 0.074 0.025 
Cem-2 22.45 0.564 0.024 0.204 0.137 0.021 
Cem-3 9.71 0.562 0.065 0.251 0.013 0.037 
Cem-4 12.31 0.548 0.023 0.242 0.094 0.025 
Cem-5A 8.82 0.585 0.028 0.202 0.139 0.024 
 
Table E-11: Summary of coefficient of HOH-based Ea models 
HOH -based C3S C3A /SO3 C2S C4AF 
Blaine 
Intercept 446.33 -20.61 -857.40 -125.94 
Slope -1.02 0.05 2.26 0.37 
MPS Intercept -14.67 -1.61 317.05 -167.09 
Slope 3.02 0.29 -20.45 16.70 
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Appendix E: Continued 
Table E-12: Statistical test results for HOH-based models 
Statistical criterion HOH-based Model Blaine MPS 
Minimum 25.2 26.6 
Maximum 41.2 40.0 
Mean 34.2 32.4 
Standard Deviation 4.1 3.9 
Sample Variance 17.0 15.2 
CI (%) 95% 95% 
Sample Size 10 9 
Degree of Freedom 9 8 
Distribution type t-dist t-dist 
Critical value 2.262 2.306 
Standard Error 1.3 1.3 
Margin of Error (+/-) 2.9 3.0 
 
Table E-13: Comparison of measured and predicted Ea per HOH-based models 
Source Cement ID 
Isothermal Blaine Blaine MPS MPS 
Measured Ea 
(kJ/mol) 
Predicted Ea 
(kJ/mol) 
Residual 
(kJ/mol) 
Predicted Ea 
(kJ/mol) 
Residual 
(kJ/mol) 
USF 
(2012) 
AC02 35.0 34.4 0.53 33.6 1.31 
AC03 32.2 33.2 -1.08 31.0 1.16 
LG01 29.8 32.2 -2.36 29.8 -0.03 
LG03 25.1 25.2 -0.10 29.0 -3.98 
Charles 
(2011) 
Cem-1 28.8 23.7 5.11 26.6 2.18 
Cem-2 34.6 36.3 -1.66 35.1 -0.50 
Cem-3 40.5 41.2 -0.67 40.0 0.50 
Cem-4 34.8 32.6 2.24 33.5 1.27 
Cem-5A 31.0 34.5 -3.55 33.0 -2.02 
Cem-5B 30.9 43.3 -12.32 33.3 -2.34 
Cem-5C 36.6 47.8 -11.05 39.0 -2.26 
Cem-6 54.6 35.5 19.14 34.3 20.27 
Poole 
(2007)                          
C2 40.6 39.7 0.94 
  
C3 38.9 36.3 2.56 
C6 37.6 34.7 2.86 
C7 37.4 36.5 0.91 
Ferraro 
(2009) Mix1 34.2 34.6 -0.44 
Number of cement 17 
  
12 
  
Coefficient of Correlation R2 0.18 0.31 
R2  after removal of Cem-6 0.41 0.79 
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Appendix E: Continued 
 
Figure E-3: Plot of Ea residuals from HOH-based model using Blaine 
 
 
Figure E-4: Plot of Ea residuals from HOH-based model using MPS 
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